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(1) Real Party in Interest 

A statement identifying the real party in interest is contained in the brief. 

(2) Related Appeals and Interferences 

A statement identifying the related appeals and interferences which will directly affect or 
be directly affected by or have a bearing on the decision in the pending appeal is contained in the 
brief. 

(3) Status of Claims 

The statement of the status of the claims contained in the brief is incorrect. A correct 
statement of the status of the claims is as follows: 

Claims 1-21 were presented with the application as filed. Claims 22-23 were added in 
the amendment filed 1/5/96 (amendment F, Paper No. 28). Claims 24-31 were added in the 
amendment filed 1 1/7/97 (amendment I, Paper No. 39). Claims 32-38 were added in the 
amendment filed 4/3/01 (amendment L, Paper No. 52). Claims 39-42 were added in the 
amendment filed 10/19/01 (amendment M, Paper No. 55). Claims 1, 4-10, and 16-21 were 
cancelled in the amendment filed 4/15/94 (amendment C, Paper No. 17). Claim 2 was cancelled 
in the amendment filed 1/5/96 (amendment F, Paper No. 28). Claim 23 was cancelled in the 
amendment filed 1 1/7/97 (amendment I, Paper No. 39). 

Claims 3, 11-15, 22, and 24-42 are pending and on appeal. 

(4) Status of Amendments After Final 

The appellant's statement of the status of amendments after final rejection contained in 
the brief is correct. The amendment after final rejection submitted 3/21/03 (amendment N, Paper 
No. 62) has not been entered. 
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( 5) Summary of Invention 

The summary of invention contained in the brief is deficient. 

The brief asserts at page 3, lines 1-3, that the two other clones found in the library are 
"believed to represent allelic variations within the gene." This misrepresents the text at page 19, 
lines 17-29, of the specification. The specification states the "changes may represent allelic 
differences or they may indicate the presence of multiple GDF-1 genes." 

(6) Issues 

The appellant's statement of the issues in the brief is substantially correct. The changes 
are as follows: 

Claims 3, 11-15, 22, and 24-42 are rejected under 35 USC 101 and 112 with respect to 
utility and how to use the claimed invention. 

Claims 3, 1 1-15, 22, 24-34, and 39-42 are rejected under 35 USC 1 12 with respect to 
written description. Claims 39-42 were particularly addressed with respect to new matter; 
however, this was not a separate ground of rejection. In view of appellant's arguments, this 
rejection has been withdrawn with respect to claims 35-38. 

(7) Grouping of Claims 

The appellant's statement in the brief that certain claims do not stand or fall together is 
not agreed with. 

Claims 3, 1 1-15, 22, 24-34, and 39-42 stand or fall together with regard to the utility and 
enablement (how to use) rejections set forth under 35 USC 101 and 1 12. 

Appellant's brief includes a statement that claims 22, 3, and 1 1-15; claims 31-34 and 39- 
42; and claims 24-30 and 35-38 have been separated into three distinct groups with respect to the 
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rejection under 35 USC 112, 1 st paragraph, for written description; however, the brief fails to 
provide reasons as set forth in 37 CFR 1.192(c)(7) and (c)(8). In view of appellant's arguments, 
this rejection has been withdrawn with respect to claims 35-38; however, there is a single ground 
of rejection under 35 USC 1 12, 1 st paragraph, for written description and claims 3, 11-15, 22, 24- 
34, and 39-42 stand or fall together. 
(8) Claims Appealed 

A substantially correct copy of appealed claim 22 on page 23 (Exhibit A) of appellant's 
brief. The minor errors are as follows: In claim 22, line 1, "having the amino" should be - 
having an amino-. See amendment filed 1 1/7/97 (amendment I, Paper No. 39). 
(9) Prior Art of Record 

Copies of all references are attached to this document. 

Akhurst, R. J. et al. "Transforming Growth Factor Betas in Mammalian Embryogenesis," 
Progress in Growth Factor Research, Volume 2, pages 153-168, 1990. 

Bengtsson, H. et al. "Potentiating Interactions Between Morphogenetic Protein and 
Neurotrophic Factors in Developing Neurons," Journal ofNeuroscience Research, Volume 53, 
pages 559-568, 1998. 

Ebendal, T. et al. "Glial Cell Line-Derived Neurotrophic Factor Stimulates Fiber Formation and 
Survival in Cultured Neurons From Peripheral Autonomic Ganglia," Journal ofNeuroscience 
Research, Volume 40, pages 276-284, 1 995 . 

Ebendal, T. et al. "Bone Morphogenetic Proteins and Their Receptors: Potential Functions in 
the Bxdim," Journal ofNeuroscience Research, Volume 51, pages 139-146, 1998. 

Ernfors, P. et al. "Molecular cloning and neurotrophic activities of a protein with structural 
similarities to nerve growth factor: Developmental and topographical expression in the brain," 
Proceedings of the National Academy of Sciences, Volume 87, pages 5454-5458, July 1990. 

Hoban, C. J. et al. "Activation of Second Messenger Pathways by GDF-1," Society for 
Neuroscience Abstracts, volume 19, page 653, Abstract 275.9, November 7-12, 1993. 
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Krieglstein, K. et al. "Distinct Modulatory Actions of TGF-p and LIF on Neurotrophin- 
Mediated Survival of Developing Sensory Neurons," Neurochemical Research, Volume 21, 
Number 7, pages 843-850, 1996. 

Massague, J. "The Transforming Growth Factor -0 Family," Annual Review of Cell Biology, 
Volume 6: pages 597-641, 1990. 

Rankin, C. T. et al. "Regulation of left-right patterning in mice by growth/differentiation factor- 
1," Nature Genetics, Volume 24, pages 262-265, March 2000. 

(10) Grounds of Rejection 

The following ground(s) of rejection are applicable to the appealed claims: 

Claims 3, 11-15, 22, and 24-42 are rejected under 35 U.S.C. § 101 because the claimed 
invention lacks patentable utility due to its not being supported by a either a specific, substantial, 
and credible utility or by a well established utility. 

Claims 3,11-15, 22, and 24-42 are also rejected under 35 U.S.C. § 1 12, first paragraph. 
Specifically, since the claimed invention is not supported by either a specific, substantial, and 
credible asserted utility or a well established utility, one skilled in the art would not know how to 
use the claimed invention. 

Claims 3, 22, 24-25, 32, and 35 are directed to isolated DNA segments encoding GDF-1 
proteins. Claim 31 is directed to a complementary DNA segment. Claims 11, 26, and 33 are 
directed to vector containing a DNA segment encoding GDF-1. Claims 12-14, 27-29, and 36 are 
directed to host cells. Claims 15, 30, 34, and 37 are directed to methods of producing 
recombinant GDF-1. Claims 39-42 are directed to DNA segments encoding GDF-1 proteins 
where the sequences hybridize under particular conditions, vectors, host cells, and methods of 
production, respectively. The protein products lack patentable utility for the reasons set forth 
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below; therefore, the methods of producing the protein and vectors and hosts used therefore to 
make these protein products must also lack patentable utility. 

The specification and claims disclose using the nucleic acid sequences encoding GDF-1 
to produce GDF-1 proteins. 

The specification discloses using the GDF-1 proteins to make antibodies. (See 
specification page 12, lines 3-7.) This is not considered to be a specific asserted utility because it 
is generally applicable to any protein. 

The specification discloses a general expectation that GDF-1 will "likely play an 
important role in mediating developmental decisions related to cell differentiation." (See 
specification page 2.) This expectation is premised upon the structural similarity of GDF-1 to 
members of the TGF-p superfamily. The similarities between murine GDF-1 and some TGF-p 
family members ranges from 26-52% in the region starting with the first conserved cysteine and 
extending to the C-terminus. GDF-1 is most homologous to Vg-1 and least homologous to 
inhibin-a. The specification also discloses that GDF-1 is not homologous outside this region to 
Vg-1 and acknowledges that murine GDF-1 is not the murine homolog of Vg-1. (See 
specification page 20.) Note that this similarity determination is only for approximately 107 out 
of 357 amino acids and not for the full length amino acid sequence. (See page 19 in view of the 
sequence in Figure 2A-B and alignments in Figure 3 A.) However, the specification fails to 
demonstrate or specifically associate any particular activity with GDF-1 proteins, and the 
specification discloses that the activities of the members of the TFG-P superfamily vary quite 
widely. (See specification at pages 1-2 and 12-15.) The specification states on page 12 that a 
potential use for GDF-1 is as a diagnostic tool as a specific marker for the presence of tumors 
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arising from cell types that normally express GDF-1 . Other disclosed potential uses are as an 
indicator for developmental anomalies in prenatal screens for birth defects or genetic diseases. 
However, no tumors are identified for any cell types that normally express GDF-1. As such, 
experimentation would be required to establish or reasonably confirm that it could be used as a 
specific marker for any tumor. Likewise, the specification does not associate GDF-1 with any 
birth defects or genetic diseases and experimentation would be required to establish or 
reasonably confirm that it could be used in this manner. Rather, the specification discloses 
potential activities and potential uses if one or another activity should be associated with GDF- 
1 when the protein is further characterized. For example, the specification at page 13, lines 16- 
24, states, "Potential uses for GDF-1 as a therapeutic tool are also suggested by the known 
biological activities of the other members of this superfamily. For example, since some of these 
proteins act as cell-specific growth inhibitors, one potential therapeutic use for GDF-1 is as an 
anti-cancer drug to inhibit the growth of tumors derived from cell types that are normally 
responsive to GDF-1" (emphasis added). However, the specification describes no tumors 
associated with GDF-1 nor any cells that are normally responsive to GDF-1 . Indeed, the 
following paragraphs in the specification describe "converse" or "alternative" activities. For 
example, the specification at page 13, lines 33-35, states, "Conversely, if GDF-1 functions as a 
growth-stimulatory factor for specific cell types, other potential therapeutic uses will be 
apparent" (emphasis added). Notice that these are diametrically opposed activities and that these 
uses are predicated upon further experimentation to characterize the protein. The necessity for 
such experimentation is stated within the specification itself at page 14, lines 29-33. "A 
determination of the specific clinical settings in which GDF-1 will be used as a diagnostic or as a 
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therapeutic tool await further characterization of the expression patterns and biological 
properties of GDF-1 both under normal physiological conditions and during disease states" 
(emphasis added). 

The claimed GDF-1 proteins are not supported by a substantial utility as the specification 
makes clear that further experimentation is necessary to determine and/or confirm the activity 
and uses of the protein. Identifying and studying the properties of a protein itself or the 
mechanisms in which the protein is involved does not define a "real world" context or use. The 
specification does not inform those skilled in the art how to use the claimed invention with any 
particularity. The specification is required to clearly state how the claimed invention is to be 
used. It should be apparent to one of ordinary skill in the art how the claimed invention is to be 
used after reading the specification. One of ordinary skill in the art should not have to envision, 
infer, or "dream up" potential uses or perform undue experimentation to determine how to use the 
claimed invention. That is, the specification is an invitation to experiment to determine how to 
use GDF-1. This specification is analogous to that in Genentech Inc. v. Novo Nordisk A/S , 42 
USPQ2d 1001, 1005, which was not deemed to be enabling. "It is the specification, not the 
knowledge of one skilled in the art, that must supply the novel aspects of an invention in order to 
constitute adequate enablement. This specification provides only a starting point, a direction for 
further research." The specification speculates on possible activities of GDF-1. None of the 
particular activities disclosed for other TGF-|3 superfamily members have been demonstrated for 
this protein in the specification and none were known at the time of the invention. None of the 
uses set forth in the specification could be practiced at the time of the invention without undue 
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experimentation. Providing a laundry list of potential uses, some of which are diametrically 
opposed to each other, is not deemed to be enabling. 

The relevant portion of pages 1 -2 of the specification are reproduced below. 



15 A growing number of polypeptide factors 

playing critical roles in regulating differentiation 
processes during embryogenesis have been found to be 
structurally homologous to transforming growth 
factor & (TGF-B) . Among these are Mullerian 

20 inhibiting substance (MIS) [Cate et al, Cell 45:685- 

698 (1986)], which causes regression of the 
Mullerian duct during male sex differentiation; the 
bone morphogenetic proteins (BMP's) [Wozney et al, 
Science 242:1528-1534 (1988)], which can induce de 

25 novo cartilage and bone formation; the inhibins and 

activins [Mason et al, Nature 318:659-663 (1985); 
Forage et al, Proc. Natl. Acad. Sci., USA 83:3091- 
3095 (1986); Eto et al, Biochem Biophys Res Comm 
142:1095-1103 (1987); and Murata et al, Proc. Natl. 

30 Acad. Sci. USA 85:2434-2438 (1988)], which regulate 

secretion of follicle-stimulating hormone by 
pituitary cells and which, in the case of the 
activins, can affect erythroid differentiation; the 
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Drosophila decapentaplegic (DPP) gene product 
[Padgett et al, Nature 325:81-84 (1987)], which 
influences dorsal -ventral specification as well as 
morphogenesis of the imaginal disks; the Xenopus 
5 Vg-1 gene product [Weeks et al, Cell 51:861-867 
(1987)], which localizes to the vegetal pole of 
eggs; and Vgr-1 [Lyons et al, Proc. Natl. Acad. 
Sci., USA 86:4554-4558 (1989)], a gene identified on 
the basis of its homology to Vg-1 and shown to be 

10 expressed during mouse embryogenesis. In addition, 

one of the most potent mesoderm- inducing factors, 
XTC-MIF, also appears to be structurally related to 
TGF-6 [Rosa et al, Science 239:783-785 (1988); and 
Smith et al, Development 103:591-600 (1988)]. The 

15 TGF-B's themselves are capable of influencing a wide 

variety of differentiation processes, including 
adipogenesis, myogenesis, chondrogenesis, 
hematopoiesis, and epithelial cell differentiation 
[Massague, J., Cell 49:437-438 (1987)], and at least 

20 one TGF-B, namely TGF-62 , is capable of inducing 

mesoderm formation in frog embryos [Rosa et al, 
Science 239:783-785 (1988)]. 

The present invention relates to a new 
member of the TGF-6 super family, and to the 

25 nucleotide sequence encoding same. This new gene 

and the encoded protein, like other members of this 
superfamily, are likely play an important role in 
mediating developmental decisions related to cell 
differentiation. 

30 SUMMARY OF THE INVENTION 

It is a general object of the present 
invention to provide a novel cell differentiation 
regulatory factor and a nucleotide sequence encoding 
same. 
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The relevant portion of pages 12-15 of the specification are reproduced below. 

The TGF-B superfamily encompasses a group 
of proteins affecting a wide range of 

10 differentiation processes. The structural homology 

between GDF-1 and the known members of the TGF-B 
superfamily and the pattern of expression GDF-l 
during embryogenesis indicate that GDF-1 is a new 
member of this family of growth and differentiation 

15 factors. Based on the known properties of the other 

members of the this superfamily, GDF-1 can be 
expected to possess biological properties of 
diagnostic and/or therapeutic benefit in a clinical 
setting. 

2 0 For example, one potential use for GDF-1 

as a diagnostic tool is as a specific marker for the 
presence of tumors arising from cell types that 
normally express GDF-1. The availability of such 
markers would be invaluable for identifying primary 
25 and metastatic neoplasms of unknown origin or for 

monitoring the response of an identified neoplasm to 
a particular therapeutic regimen. In this regard, 
one member of this superfamily, namely, inhibin, has 
been shown to be useful as a marker for certain 

3 0 ovarian tumors [Lappohn et al, N. Engl. J. Med. 

321:790 (1989)]. 

A second potential diagnostic use for GDF- 
1 is as an indicator for the presence of 
developmental anomalies in prenatal screens for 
35^ potential birth defects. For example, abnormally 
high serum or amniotic fluids levels of GDF-1 may 
indicate the presence of structural defects in the 



12 
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developing fetus. Indeed f another embryonic marker, 
namely, alpha fetoprotein, is currently used 
routinely in prenatal screens for neural tube 
defects [Haddow and Maori, JAMA 242:515 (1979)]. 
5 Conversely, abnormally low levels of GDF-1 may 

indicate the presence of developmental anomalies 
directly related to the tissues normally expressing 
GDF-1. 

A third potential diagnostic use for GDF- 
10 l is in prenatal screens for genetic diseases that 
either directly correlate with the expression or 
function of GDF-1 or are closely linked to the GDF- 
1 gene. Other potential diagnostic uses will become 
evident upon further characterization of the 
15 expression and function of GDF-1. 

Potential uses for GDF-1 as a therapeutic 
tool are also suggested by the known biological 
activities of the other members of this superf amily. 
For example, since some of these proteins act as 
20 cell-specific growth inhibitors, one potential 

therapeutic use for GDF-1 is as an anti-cancer drug 
to inhibit the growth of tumors derived from cell 
types that are normally responsive to GDF-1. 
Indeed, one member of this superf amily, namely, 

2 5 Mullerian inhibiting substance, has been shown to be 

cytotoxic for human ovarian and endometrial tumor 
cells either grown in culture [Donahoe et al, 
Science 205:913 (1979); Fuller et al, J. Clin. 
Endocrinol. Metab. 54:1051 (1982)] or when 

3 0^ transplanted into nude mice [Donahoe et al, Ann. 

Surg. 194:472 (1981); Fuller et al, Gynecol. Oncol. 
22:135 (1984)]. ) 

Conversely, if GDF-1 functions as a 
growth-stimulatory factor for specific cell types, 
35 other potential therapeutic uses will be apparent. 

For example, one member of this superfamily, namely, 
activin, has been shown to function as a nerve cell 
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survival molecule [Schubert et al, Nature 344:868 
(1990)]. If GDF-1 possesses a similar activity, as 
is indicated by its specific expression in the 
central nervous system (see below) , GDF-1 will 
5 likely prove useful in vitro for maintaining 

neuronal cultures for eventual transplantation or in 
vivo for rescuing neurons following axonal injury or 
in disease states leading to neuronal degeneration. 
Alternatively, if the target cells for GDF-1 in the 

10 nervous system are the support cells, GDF-1 will 

likely prove to be of therapeutic benefit in the 
treatment of disease processes leading to 
demyelination. 

Many of the members of this superfamily, 

15 including GDF-1 , are also likely to be clinically 

useful for tissue repair and remodeling. For 
example, the remarkable capacity of the bone 
morphogenetic proteins to induce new bone growth 
[Urist et al, Science 220:680 (1983)] has suggested 

2 0 their utility for the treatment of bone defects 

caused by trauma, surgery, or degenerative diseases 
like osteoporosis. Indeed, the bone morphogenetic 
proteins have already been tested in vivo in the 
treatment of fractures and other skeletal defects 
25 [Glowacki et alf Lancet i:959 (1981); Ferguson et 

al, Clin. Orthoped. Relat. Res. 227:265 (1988); 
Johnson et al, Clin. Orthoped. Relat. Res. 230:257 
(1988)]. 

A determination of the specific clinical 
* 30 settings in which GDF-1 will be used as a diagnostic 

or as a therapeutic tool await further 

characterization of the expression patterns and y 
biological properties of GDF-1 both under normal 
physiological conditions and during disease states. 

3 5 Based on the wide diversity of settings in which 

other members of this superfamily may be used for 
clinical benefit, it is likely that GDF-1 and/or 
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antibodies directed against GDF-1, will also prove 
to be enormously powerful clinical tools. Potential 
uses for GDF-1 will almost certainly include but not 
be restricted to the types of clinical settings 
described above. Moreover, as methods for improving 
the delivery of drugs to specific tissues or to 
specific cells become available, other uses for 
molecules like GDF-1 will become evident. 



The relevant portions of page 20 are reproduced below. 

Figure 3b shows a tabulation of the 
percentages of identical residues between GDF-1 and 
the other members of the TGF-B family in the region 

10 starting with the first conserved cysteine and 

extending to the C-terminus. GDF-1 is most 
homologous to Vg-1 (52%) and least homologous to 
inhibin-a (22%) and the TGF-B's (26-30%). Two lines 
of reasoning indicate that GDF-1 is not the murine 

15 homolog of Vg-1. First, GDF-1 is less homologous to 

Vg-1 than are Vgr-1 (59%), BMP-2a(59%) , and BMP-2b 
(57%) . Second, GDF-1 does not show extensive 
homology with Vg-1 outside of the C-terrainal 
portion, and it is- known that other members of this 

2 0 family are highly conserved across species 

throughout the entire length of the protein [Cate et 
al, Cell 45:685-698 (1986); Mason et al, Nature 
318:659-663 (1985); Forage et al, Proc. Natl. Acad. 
Sci., USA 83:3091-3095 (1986); Derynck et al, Nature 
25 316:701-705 (1985); Mason et al, Biochem. Biophys. 

Res. Comm. 135:957-964 (1986); and Derynck et al, J. 
Biol. Chem. 261:4377-4379 (1986)]. However, GDF-1 
and Vg-1 do share two regions of limited homology N- 
terminal to the presumed dibasic cleavage site, as 

3 0 shown in Figure 3c. 
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When read fully and in context, the specification as filed does not set forth a utility that is 
specific, substantial, and credible. The specification as filed discloses the necessity for further 
experimentation to characterize and determine how to use the GDF-1 proteins. In view of the 
requirement for further experimentation, no well known utility can be considered to have been 
known for the GDF-1 proteins at the time of the invention. 

Furthermore, the specification does not enable using GDF-1 in any capacity without 
undue experimentation. Again, the specification is an invitation to experiment without clear 
direction or guidance as to the particular biological activity to investigate. Embryogenesis and 
mediation of cell differentiation are broad areas of basic research. No tumors nor developmental 
defects are identified as being associated for any screening or diagnostic methods. No normal or 
abnormal levels for GDF-1 are disclosed in the specification for any cell type or tissue. No 
direction or guidance as to particular known tumors or known developmental defects to be 
investigated are provided. 

Claims 3, 5-1 1, 22, 24-34, and 39-42 are rejected under 35 U.S.C. 1 12, first paragraph, as 
containing subject matter which was not described in the specification in such a way as to . 
reasonably convey to one skilled in the relevant art that the inventor(s), at the time the 
application was filed, had possession of the claimed invention. 

Claims 39-42 include limitations where DNA hybridizes under conditions of 65 degrees 
Celsius and 1 M sodium chloride to DNA having the nucleotide sequence as defined in Figure 2 
or Figure 1 1 A or 1 IB and remains bound when subjected to washing at 68 degrees Celsius and 
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0.3 M sodium chloride/ 30 mM sodium citrate (2X SSC). The specification does not disclose 
these limitations and as such the claims embrace new matter. 

Appellant has previously pointed to page 10 and 17 of the specification for basis; 
however, the portion relied upon does not disclose the limitations as presently claimed. 

The referenced portion of page 10 is reproduced below. 

The invention further 
relates to DNA segments substantially identical to 
the sequence shown in Figure. 2. A "substantially 
identical" sequence is one the complement of which 
5 hybridizes to the sequence of Figure 2 at 68 °C and 
1M NaCl and which remains bound when subjected to 
washing at 68°C with 0.1X saline/sodium citrate 
(SSC) (note: 20 x SSC = 3M sodium chloride/0.3 M 
sodium citrate) . 

Note that this disclosure is with respect to the sequence of Figure 2 alone and not Figure 
1 1 A or 1 IB and that the hybridization is at 68 degrees Celsius and not 65 degrees Celsius. 
The referenced portion of page 17 is reproduced below. 

For Southern analysis, DNA was 
10 electrophoresed on 1% agarose gels, transferred to 
nitrocellulose, and hybridized in 1M NaCl, 50 mM 
sodium phosphate, pH 6.5, 2 mM EDTA, 0.5% SDS, 10X 
Denhardt's at 65 °C. The final wash was carried out 
in 2X SSC at 68°C. 

Note that this disclosure is in the context of a particular experimental technique and is not- 
associated with the what was intended by the prior disclosure of "substantially identical } 
sequences." It is not disclosed with respect to hybridization of particular sequences in the 
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absence of electrophoresis and transfer to nitrocellulose. It is not disclosed with hybridization to 
the particular sequences of Figure 2 or Figure 1 1 A or 1 IB. Furthermore, the claims have no 
limitations corresponding to 50 mM sodium phosphate, pH 6.5, 2 mM EDTA, 0.5% SDS, and 
lOx Denhardt's which are clearly integral to this disclosure of hybridization at 65 degrees 
Celsius. There is nothing that ties these two separate portions of the disclosure together to 
convey to one of ordinary skill in the art that the invention now claimed was originally 
contemplated. It is further noted that the only Southern analysis performed in the specification in 
Example 3 on page 22 and in Figure 5, does not identify the sequence of the probe used but it 
appears that it must have been from mouse and not both mouse and human as encompassed by 
the claims in view of the limitations to Figures 2, 1 1 A, and 1 IB. 



Independent claims 22, 24, 31, and 39 recite "DNA segment encoding mammalian GDF- 
1 protein." In addition, claim 22 recites "comprising an amino acid sequence defined in an open 
reading frame" (emphasis added). In addition, claim 24 recites "comprising a nucleotide 
sequence as defined in an open reading frame" (emphasis added). This does not require the full 
open reading frame for GDF-1 as in claim 35 but includes subsequences as small as a single 
amino acid or single nucleotide. In addition, the claim does not recite that the open reading 
frame be for GDF-1 as in claim 35. Claims 3 and 1 1-15 depend upon claim 22. Claims 25-30 
depend upon claim 24. Claims 32-34 depend upon claim 3 1 . Claims 40-42 depend upon claim 
39. 

First of all, a gene or genomic DNA sequence includes regions that precede and follow 
the coding region as well as intervening sequences (introns) between individual coding segments 
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(exons). The intron is DNA that is transcribed but removed from the transcript by splicing 
together the bordering exons. The gene or genomic DNA sequence encodes the protein product 
as the gene or genomic DNA sequence is capable of producing the protein product when 
expressed in an appropriate host cell under suitable conditions. Thus, the claim language "DNA 
segment encoding" encompasses genomic sequences for GDF-1. However, the specification 
discloses no genomic sequence or structure (characterization of introns/exons, etc.) for any GDF- 
1 protein. The specification discloses particular nucleotide sequences for murine GDF-1 and 
human GDF-1. These sequences were cloned from cDNA libraries and are disclosed as cDNA 
sequences. (See for example, Figures 2, 1 1A, and 1 IB as well as pages 15-16, 18, and 28.) A 
cDNA or complementary DNA is a single stranded DNA complementary to an mRNA 
synthesized from it by reverse transcription in vitro. It reflects the spliced version (introns 
removed) of the sequence. These sequences do not provide a description of the genomic 
sequence. The Southern blot experiments in Example 3 and Figure 5 use mouse, human, and 
hamster genomic DNA but demonstrate that even under high stringency hybridization 
conditions, additional bands were detected in addition to a predominant band and their sequence 
structure is not described. The specification clearly distinguishes them from partial digestion 
products. That is, multiple, different, genomic sequences were found in each of these species. 
Furthermore, the actual sequence is not disclosed nor is there a characterization of any 
intron/exon/leader/trailer structure for any of these genomic sequences. 

Secondly, the language "mammalian GDF-1 protein" requires that one of ordinary skill in 
the art be able to identify when a nucleic acid encoding a protein within this family is found, 
particularly for claims encompassing genomic sequences and hybridizing sequences. There is no 
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limiting definition in the specification as to the structural (e.g. degree of sequence similarity or a 
particular motif) or functional characteristics (e.g. a specific biological activity) that define a 
"mammalian GDF-1 protein." No assays are disclosed to screen for mammalian GDF-1 protein 
activity. One of ordinary skill in the art at the time of the invention would not know when a 
DNA segment encoding a mammalian GDF-1 protein had been obtained with the exception of 
the specific and full length sequences for mouse and human GDF-1. 

As such, the claims embrace sequences that do not meet the written description provision 
of 35 USC 112, first paragraph. The specification provides insufficient written description to 
support the genus encompassed by the claims. 
(11) Response to Argument 

Appellant argues in the brief at page 7 that the predicted role of GDF-1 in embryogenesis 
is supported by the fact that other members of the TGF-P superfamily known at the time had a 
role in embryonic processes. Appellant relies upon Akhurst et al. However, Akhurst et al. 
discloses information about TGF-pi, TGF-P2, and TGF-p3 in mammalian embryogenesis. 
Akhurst et al. also discusses the wide variety of activities found in the larger TGF-P superfamily. 
Page 155 states, "As yet there is no definitive evidence that any of the TGFPs are endogenous 
regulators of mammalian embryonic processes." It is emphasized by the examiner that what is 
under discussion in Akhurst et al. is TGF-P itself and not the larger superfamily. Thus, this 
reference provides no evidence with respect to the proteins of the larger superfamily and their 
role in mammalian embryogenesis. Appellant is reminded that the protein disclosed to have the 
highest homology to GDF-1 was not TGF-pl , TGF-p2, or TGF-p3, but rather Vg-1 which is 
from amphibians and not mammals. The totality of Akhurst et al. fairly indicates that those of 
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skill in the art at the time of the invention were experimenting and looking to see whether TGF- 
pl, TGF-p2, and TGF-p3 proteins were involved in mammalian embryogenesis and how. The 
conclusion and prospects section of the reference on pages 164-165 states that the evidence 
would suggest that each isoform of TGF-p (i.e. TGF-pi, TGF-P2, and TGF-p3) has a distinct 
function in vivo. The reference states, "To test this proposition, it is essential that more 
functional studies are carried out." This supports the examiner's position that further research 
would be required to reasonably determine or confirm any activity or involvement of GDF-1 in 
embryogenesis. Furthermore, the reference amply illustrates that embryogenesis is a highly 
diverse and complex process including skeletal development, hematopoiesis, vascularization, and 
so forth. (See pages 157-164.) This is also acknowledged by the specification as filed on page 
2, lines 15-20. As such, a disclosure that GDF-1 may be involved in embryogenesis cannot be 
considered to convey to those of ordinary skill in the art any specific or clear biological activity. 
It provides no direction or guidance as to which aspect or to a particular activity. 

Appellant refers to the utility guidelines with respect to assignment of GDF-1 to a class 
of sufficiently conserved proteins that imputes the same specific, substantial, and credible utility 
to the assigned protein. First of all, the TGF-P superfamily has many subsets as evidenced by at 
least the specification and Akhurst et al. Secondly, the activities of the different members are 
diverse as evidenced by at least the specification and Akhurst et al. Third, the specification fails 
to assert a particular biological activity within the complex and diverse activities that 
"embryogenesis" embraces. To the degree that appellant is relying upon the statement at page 2, 
lines 25-29, concerning possibly "mediating developmental decisions related to cell 
differentiation" rather than embryogenesis generally, this statement is not clearly limited to 
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embryogenesis nor is it specific as to what type of mediation, what type of cells, and/or what 
type of differentiation. This^is analogous to the fact pattern in In re Kirk, 153 USPQ 48, 52 in 
which nebulous expressions of biological activity in the specification did not convey a 
sufficiently explicit indication of the usefulness of the compounds and how to use them. 

While appellant stresses the structural similarity of GDF-1 to members of the TGF-P 
superfamily, they are reminded that this similarity determination is only for approximately 107 
out of 357 amino acids and not for the full length amino acid sequence. (See page 19 in view of 
the sequence in Figure 2A-B and alignments in Figure 3 A.) They are further reminded that the 
specification also discloses that GDF-1 is not homologous outside this region to Vg-1. While the 
specification discloses that GDF-1 is most homologous to Vg-1 and least homologous to inhibin- 
a, no where in the specification is there an assertion that GDF-1 is expected to act similarly to a 
particular member of the superfamily. No where in the specification is there an assertion that 
GDF-1 is expected to act like the protein disclosed to have the highest similarity, Vg-1. In fact, 
the specification discloses that GDF-1 could have activities similar to members of the 
superfamily that are less structurally similar. 

Appellant is reminded that the utility guidelines are just that, guidelines. They do not 
supersede the statutes nor the pertinent case law. In addition, the fact pattern here differs from 
those set forth in the utility guidelines but closely matches the fact pattern in the pertinent case 
law, In re Kirk, 153 USPQ 48. The disclosure of the originally filed specification does not 
provide a specific, substantial, and credible asserted utility nor a well established utility for the 
claimed invention. 
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Appellant relies upon the Ebendal declaration previously submitted under 37 CFR 1.132. 
The declaration supports the examiner's position that GDF-1 activity at the time of the invention 
was not known, could not have been predicted, and that there was no specific or substantial 
utility set forth as evidenced by the degree of experimentation conducted to find an activity. 

This declaration sets forth that recombinant human GDF-1 (amino acids 255-373 fused to 
34 additional amino acids) was produced in E. coli and recovered as a dimer. This product 
potentiates human NT-3 fibre outgrowth. The assays used to establish this biological activity are 
referenced to Ebendal (1995) and Ernfors (1990). (Note that these references were attached to 
the Ebendal declaration but have not been made of record.) The declaration asserts that this 
biological activity on neurons is similar to other members of the TGF-0 superfamily. 

First of all, the particular material tested is not disclosed in the specification. That is, 
while Figure 1 IB discloses the human GDF-1 sequence, the portion of this protein and the 
particular fusion partner used in the declaration experiments do not appear to be disclosed in the 
specification. Use of the particular pRSET vector by Invitrogen does not appear to be disclosed 
in the specification. Use of a dimer versus a monomer does not appear to be disclosed in the 
specification. The fibre outgrowth assay of Ebendal et al. (1995) was developed after the 
effective filing date of the application. The Ernfors et al. (1990) reference is also post-filing date 
for the ultimate parent application (07/538,372, filed 6/15/90). Furthermore, it discloses fibre 
outgrowth activity of NT-3 (although not named as such in this reference) but does not disclose 
similar activity of TGF-P superfamily members or GDF-1 proteins. It is noted that the 
declaration evidence indicates that GDF-1 alone was ineffective to evoke fibre outgrowth. 
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The potentiating activity between the TGF-0 superfamily member OP-1 and NT-3 was 
not known until well after the effective filing date. (See Bengtsson et al., Journal of 
Neuroscience Research. 1998.) It is noted that the receptors discussed were not known at the 
time of the invention nor does the reference generally postulate this activity to all other members 
of the superfamily. The involvement of the GDF family was only determined well after the 
effective filing date. (See Ebendal et al., Journal of Neuroscience Research. 1998.) It was not 
discovered until well after the effective filing date that TGF-p3 potentiates the survival achieved 
with NT-3 and NT-4. (See Krieglstein et al., Neurochemical Research. 1996.) 

Massague provides a review of the TGF-0 superfamily at approximately the time of the 
invention. The reference sets forth the diverse effects of the various members of the 
superfamily. Notably, the potentiating effect of the Ebendal declaration is not disclosed for any 
member of the superfamily. 

As such, the Ebendal declaration cannot be considered to demonstrate that GDF-1 
possesses a function predicted by the specification. Potentiation of human NT-3 fibre outgrowth 
by recombinant human GDF-1 (amino acids 255-373 fused to 34 additional amino acids) 
produced in E. coli and recovered as a dimer was not predicted by the specification. The 
function established was discovered in view of further research not contemplated by the 
specification and using materials and techniques not available at the time of the invention. 

Appellant also relies upon the Rankin et al. reference. Appellant is relying upon the 
filing date of the ultimate parent application, 07/538,372, filed 6/15/90. The Rankin et al. 
(March 2000) was published well after the effective filing date of the instant invention and the 
abstract itself admits that the function of GDF-1 was not known when discovered by inventor 
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Lee. (See abstract citations 2 and 3.) It is noted that knockout mice were not routinely 
produced at the time of the invention. The specification does not predict that GDF-1 was 
involved in development of the left-right axis in mice and expression of genes expressed 
downstream in development. The specification does not disclose nor contemplate knockout 
mouse experimental models. 

Like the Petrow affidavit in In re Kirk, 153 USPQ 48, 52, the specific biological activities 
discussed in the Ebendal declaration and Rankin et al. reference are absent from the specification 
disclosure. The Ebendal declaration and Rankin et al. reference amount to an admission that 
experimentation would be necessary to determine the actual uses. 

Not only does the specification fail to inform one of ordinary skill in the art what to do 
with GDF-1, the specification cannot be considered to enable one to use GDF-1 in any of these 
later discovered contexts as each required experimentation well beyond the disclosure in the 
specification. The Ebendal declaration and Rankin et al. reference use information, materials, 
assays, and/or techniques that were not known at the time of the invention and thus make clear 
that one of ordinary skill in the art trying to determine what activity GDF-1 had at the time of the 
invention would have been required to go beyond routine experimentation. 

It is noted that the Ebendal declaration and Rankin et al. do not speak to using GDF-1 or 
any other TGF-fj superfamily member in prenatal screening for developmental defects in mice, 
humans, or any other species. 

Finally, Hoban et al. (1993) establishes that even several years after the effective filing 
date of the invention the biological activity of GDF-1 was just being determined and assays for 
GDF-1 were just being developed. This abstract expressly states, "We have been working 
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towards identifying bioassays for GDF-1." The only results disclosed are that human GDF-1 
stimulates immediate early gene expression in neural cell lines. Nothing in the specification 
would lead one of ordinary skill in the art to this activity or use. 

Appellant argues on page 12 of the brief that Figure 7 shows that GDF-1 is expressed 
almost exclusively in brain. This is a misrepresentation. Northern analysis demonstrated that the 
GDF-1 probe detected an mRNA species in adult brain, adrenal gland, ovary, and oviduct. (See 
page 23 and Figure 7.) The specification does not identify any tumor (brain or otherwise) 
associated with GDF-1 nor enable any such diagnostic or therapeutic uses. 

With respect to the rejection under 35 USC 1 12, 1 st paragraph, for written description, 
appellant appears to argue that claim 3, 11-15, 22, and 24-30 do not encompass a gene or 
genomic sequence. Appellant appears to believe that the claim is limited to a cDNA sequence. 
This is not agreed with. Language reciting "DNA segment encoding' 5 the named amino acid 
sequences would still include the genomic sequence. 

The arguments concerning degeneracy of the genetic code are not germane as this was 
not the basis of the rejection. 

It is noted that appellant acknowledges that Rankin et al. in Figure lh describes the 
genomic structure of murine GDF-1 and that it does in fact contain intronic sequences. This 
structure is not described in the instant specification. 

Appellant is reminded that the Synopsis of Application of Written Description Guidelines 
(appellant's Exhibit F) are just that, guidelines. They do not supersede the statutes nor the 
pertinent case law. In addition, the fact pattern here differs from those set forth in the examples. 
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Unlike Example 9 pointed to by appellant, none of the claims on appeal recites that the encoded 
protein must have the same activity as the particular human or mouse GDF-1 disclosed. The 
claims require that the DNA segment encode a mammalian GDF-1 protein with no limitation as 
to activity. 

Appellant's arguments with respect to Figure 5 are not persuasive. The claims are not 
limited to the particular bands (prominent or otherwise) in the Figure. Appellant argues that 
these sequences could be readily cloned and sequenced. This rejection is with respect to written 
description and conveying to one of ordinary skill in the art what the sequences encompassed by 
the claim are in terms of structure and/or function and not with respect to enablement. As such, 
this argument is not germane. Likewise, arguments with respect to cloning techniques such as 
the Sambrook Molecular Cloning manual speak to enablement and not written description. 

Appellant argues that claims 24-30 are directed to the specific GDF-1 nucleic acid 
sequences explicitly disclosed in the specification. This is not agreed with. Again, claim 24 
recites "comprising a nucleotide sequence as defined in an open reading frame" (emphasis 
added). This does not require the full open reading frame for GDF-1 but includes subsequences 
as small as a single nucleotide. The claim does not recite that the open reading frame be for 
GDF-1. The fact pattern and claim language do not correspond to Example 8 of the Synopsis of 
Application of Written Description Guidelines relied upon by Appellant. 

For the above reasons, it is believed that the rejections should be sustained. 
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Mini-Review 

lione Morphogenetic Proteins and Their 
Receptors: Potential Functions in the Brain, 

TedfEbendal,* Henrik[fiengtsson, and Stin^Soderstrom 

/Department of Developmental Neuroscience, Uppsala University^ Uppsala ( /Swedenj 

TVansforming growth factors- p (TGF-ps), activins, 
and bone morphogenetic proteins (BMPs) comprise 
an evolutionary well-conserved group of proteins 
controlling a number of cell differentiation, cell growth, 
and morphogentic processes during development The 
superfamily of TGFp-related genes include over 25 
members in mammals several of which are expressed 
in the growing nervous system and serve important 
functions in regionalizing the early CNS. Cultured 
nerve cells show different responses to these factors. 
Recent developments have revealed that TGFps, activ- 
ins, and BMPs selectively signal to the responding 
cells via different hetero-oligomeric complexes of type 
I and type II serine/threonine kinase receptors. The 
adult brain exhibits specific expression patterns of 
some of these receptors suggesting neuronal functions 
not only during development but also in the mature 
brain. In particular, the brain is expressing high levels 
of bone morphogenetic protein receptor type II 
(BMPR-II), activin receptor type I (ActR-I), and 
activin receptor type HA (ActR-II). This indicates that 
osteogenic protein-1 (OP-l/BMP-7), BMP-2, and 
BMP-4 as well as activins may serve functions for 
brain neurons. Expression of the receptors partially 
overlaps in populations of neurons and has been 
shown to be regulated by brain lesions. This suggests 
that brain neurons may use receptors BMPR-II and 
ActR-I to sense the presence of BMPs. This may form 
a system parallel to the neurotrophin TVk tyrosine 
kinase receptors regulating neuroplasticity and brain 
repair. The presence of BMPs in brain is not well 
studied, but preliminary in situ data indicate that the 
BMP relatives growth/differentiation factor (GDF)-l 
and GDF-10 are distinctly but differentially expressed 
at high levels in neurons expressing BMPR-II and 
ActR-L The receptors mediating responses to these 
two GDFs remain, however, to be defined. Finally, 
recent data show that the signal from the activated 
type I serine/threonine kinase receptor is directly 
transduced to the nucleus by Smad proteins that 
become incorporated into transcriptional complexes. 



Preliminary in situ hybridization observations demon- 
strate the existence of different Smad mRNAs. It is 
concluded that BMPs and their signaling systems may 
comprise a novel pathway for control of neural 
activity and offer means for pharmacological interven- 
tions rescuing brain neurons. J. Netirosci. Res. 51:139- 

1 46, 1998. © 1998 Wiley-Liss, Inc. 

Key words: BMPs; growth/differentiation factors; 
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INTRODUCTION 

The superfamily of transforming growth factors-0 
(TGFp) consists of over 25 members of secreted signal- 
ing proteins present in vertebrates as well as invertebrates 
(review by Kingsley, 1994). These factors have a broad 
range of biological effects and control processes during 
development and tissue repair such as cell growth and 
growth inhibition, cell differentiation, establishment of 
the dorso-ventral body axis in the embryo, epithelial- 
mesenchymal remodeling, apoptosis, and secretion of 
extracellular matrix components (review by Hogan, 1996). 
The proteins are synthesized as large precursors with the 
mature protein present in the carboxy-terminal part being 
released upon proteolytic cleavage. The members of this 
large superfamily belong to several different subfamilies, 
e.g., activins and bone morphogenetic proteins (BMPs). 
Sequence comparisons have made it possible to construct 
phylograms showing the likely evolution of the many 
members from common ancestral genes (Fig. 1 ). A shared 
structural motif among all members of the superfamily is 
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Fig. 1. Schematic dendrogram showing the relationship among 
vertebrate members of the transforming growth factor-p (TGF0) 
superfamily. This family includes bone morphogenetic proteins 
(BMPs), growth/differentiation factors (GDFs), osteogenic pro- 
teins (OPs), and the Mullerian inhibiting substance/an ti- 
Miillerian hormone (MIS/AMH). These members of the TGF-p 
superfamily use, as far as known, hetero-oligomeric complexes 
of type 1 and type II transmembrane serine/threonine kinase 
receptors for signal transduction. The distant members glial cell 
line-derived neurotrophic factor (GDNF) and its close relative 
neurturin (NTN) bind to specific a-receplor proteins (GD- 
NFR-a and NTNR-a, respectively) and signal via the transmem- 
brane tyrosine kinase receptor Ret. Based on Kingsley (1994), 
Griffith et al. (1996), Hogan (1996), and Massague (1996). 
Factors in bold have been examined in the adult rat brain by the 
present authors using in situ hybridization. 



a cystine-knot (Kingsley, 1994; Griffith et al, 1996) 
forming a rigid structure at the base of the mature protein, 
a feature also found in, e.g., the neurotrophin family 
(review by Ebendal, 1992). Accumulating data suggest 
that members of the TGF0 superfamily may have impor- 
tant regulatory roles in the nervous system (review by 
Krieglstein et al., 1995a). Lately the BMP family within 
the TGFp superfamily has come into focus for putative 
functions in the nervous system (recent review by Mehler 
et al, 1997). Considering the conserved nature of the 
BMP signaling system, it is interesting to note that the 
Drosophila homologue of vertebrate BMP, decapentaple- 
gic (dpp), is important in organizing the visual centers of 
the brain of the fruit fly (Kaphingst and Kunes, 1994). 

The exact expression patterns and concentration 
levels of BMPs in the adult nervous system are known 
only to a limited extent. This is hampering the understand- 
ing of potential functions for these factors in the brain. 



However, OP-1 (also known as BMP-7) has been shown 
to be expressed in the brain of the 2-week : old mouse, but 
no cellular localization has been given (Ozkaynak et al., 
1991). In contrast, BMP-6 has been shown to be ex- 
pressed in neurons of the adult rat brain hippocampus and 
neocortex (Tomizawa et al., 1995). These authors noted a 
strong downregulation in expression from the neonatal to 
the adult brain. At earlier developmental stages there is 
more evidence for the expression of BMPs in the brain. 
Furuta et al. (1997) compared the expression patterns of 
BMP-2, -4, -5, -6 and OP- 1 by in situ hybridization of the 
embryonic mouse forebrain and found distinct temporal 
and spatial overlap among these different BMPs. Activin 
PA is expressed in the developing cortex and at low levels 
in the adult rat brain in layers II/III and V/VI of neocortex 
and CA1 of hippocampus, as well as in the dentate gyrus 
(Andreasson and Worley, 1995). Moreover, induced exci- 
tation results in rapidly raised levels of the activin mRNA 
in the dentate gyrus (Andreasson and Worley, 1995; Lai et 
al., 1996). The neonatal rat brain expresses distinctly 
localized mRNAs for TGFf32 (frontal and entorhinal and 
piriform cortex, amygdala, and hippocampus) and TGF(33 
(olfactory bulb, low levels in frontal and piriform cortex; 
Poulsen et al., 1994), suggestive of developmental ac- 
tions in these areas. In the adult brain, TGF-p 1 mRNA in 
the hippocampus has been shown to be upregulated in 
response to an ischemic lesion, whereas TGF02 and -p3 
mRNAs were concommittantly downregulated (Knuckey 
et al., 1996). High expression levels in the adult brain 
have also been reported for the BMP-related growth/ 
differentiation factor (GDF)-1 (Lee, 1991) as well as for 
GDF-10/BMP-3b (Cunningham et al., 1995; Takao ct al., 
1996). The present authors have used an in situ approach 
to localize these two factors in the brain and have found 
strong and specific hybridization signals over the hippo- 
campal formation including the dentate gyrus, patterns 
indicating possible interaction with the receptors for 
BMPs (Fig. 2) as discussed below. 



FUNCTIONS FOR TGFps IN THE DEVELOPING 
NERVOUS SYSTEM 

A series of effects on neural development by the 
members of the TGF0 superfamily has been described. 
Well-documented mechanisms involve patterning of the 
early nervous system. Indeed, BMPs are involved in 
establishing dorsal and ventral cell fates in the embryo 
mesoderm even before formation of the nervous system 
(reviewed by Hogan, 1996; Graff, 1997). BMP-4 and 
OP-1 are both expressed in the epidermal ectoderm 
flanking the neural plate (Liem et al., 1995; see also 
review by Tanabe and Jesscll, 1996). BMP-4 is further- 
more expressed in the dorsal part of the forming neural 
tube, and both BMP-4 and OP-1 drive differentiation of 
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Fig. 2. In situ hybridization patterns in the adult rat brain for 
serine/threonine kinase receptor mRNAs and one ligand in the 
BMP/GDF group of growth factors. Coronal sections at the 
hippocampal Level are shown. X-ray films from 15 S-labeied 
oligonucleotide probes are shown (cf. Bengtsson et al., 1995; 
Soderstrom et al., 1996; Lewen et al, 1997). A: Expression of 
the bone morphogentic protein receptor type II (BMPR-II). B: 



dorsal cells in the nervous system. Thus, BMPs are 
important in dorso-ventral specification of cell fates in the 
early nervous system. 

A number of observations mainly from cells in 
culture suggest additional effects by BMPs and related 
factors on nerve and glial cells. Neural crest cells appear 
to be differentially regulated by BMPs. At the hindbrain 
level, neural crest cells from rhombomeres 3 and 5 are 
eliminated by apoptosis induced by BMP-4 signaling 
(Graham et al., 1994). At other levels, BMP-2 seems to 
instructively drive differentiation to autonomic neurons 
from multipotent neural crest stem cells (Shah et al., 
1996). Also, differentiation into an adrenergic phenotype 
of trunk neural crest cells is induced by BMP-2 and -4 as 
well as by OP-1, but not by BMP-6 (Reissmann et al., 
1996; Varley and Maxwell, 1996). BMP-2 and to some 
extent also BMP-6 induce distinct sets of transmitters and 
neuropeptides in cultured sympathetic neurons (Fann and 
Patterson, 1994). Moreover, OP-1 has been reported to 
exert a strong stimulative effect on dendritic growth in 



Expression of the activin type IA receptor (ActR-I) known to 
hctero-oligomerize with BMPR-II as well as with activin 
receptors type IIA(ActR-ll) and IIB (ActR-IIB). C: Expression 
of mRNA for growth/differentiation factor 1 (GDF-l). D: 
Expression of mRNA encoding ActR-IT. The partial overlap in 
the expression patterns for the receptors and GDF-l suggests 
functional interactions although these remain to be shown. 



sympathetic neurons (Lein et al., 1995). GDF-5 has been 
shown to be neurotrophic for embryonic dopaminergic 
neurons (Krieglstein et al M 1995b) as have TGFp2 and 
-(33 (Poulsen et al., 1994). And not only neurons are 
affected by the BMPs, BMPs also instructively drive 
differentiation of astrocytes from subventrivular zone 
progenitor cells (Mehler et al., 1997). Taken together 
these diverse actions of BMPs on neronal cells suggest 
possible involvement in the physiology of neuronal 
differentiation, induction of transmitter phenotype, and 
survival and extension of nerve processes, all of which 
are phenomena involved in neuroplasticity. 



BMPs ACT VIA SERINE/THREONINE KINASE 
RECEPTORS OF TYPE I AND TYPE II 
EXPRESSED IN THE NERVOUS SYSTEM 

The molecular mechanisms for BMP actions have 
recently been clarified substantially. TGF0s, activins, and 
BMPs have all been shown to signal via hetero- 
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Fig. 3. Cartoon showing the interaction between TGF£ super- 
family members such as a BMP dimer and the oligoheteromeric 
complex of transmembrane type I and type II serine/threonine 
kinase receptors. The kinase domain of the type II receptor, 
serving as a primary ligand-binding entity, is constitutively 
phosphorylated and activated. Upon aggregation with the type I 
receptor, it phosphorylates a juxtamembrane gly-ser-rich motif 
(GS box) activating the ser/thr kinase domain of the type I 
receptor. This allows the type I receptor to transduce the signal 
by phosphorylating a specific receptor-activated Smad protein 
(see Fig. 4). The four type II receptors and the six type I 
receptors shown in bold were examined in adult brain tissues by 
the present authors using in situ hybridization. T(3R-I and -II, 
type I and II receptors for TGFp, respectively. ALK, activin 
receptor-like kinases (type I receptors). 



oligomeric complexes of transmembrane serine/threonine 
kinase type I and type II receptors (reviews by Massague, 
1996; ten Dijke et al., 1996). Seven type 1 receptor 
(ALKs, activin receptor-like kinases) genes and five type 
II genes are known in vertebrates at present (Fig. 3). 
Several of these are expressed in the developing and adult 
nervous system (Bengtsson et al., 1 995; Soderstrom et al., 
1996). BMPs have a weak affinity for their type I as well 
as for their type II receptors but require both types of 
receptors to be present for high-affinity binding and 
signaling (ten Dijke et al., 1996; Fig. 3). Recent studies 
have characterized the signaling capacity in these recep- 
tors in response to BMP-2, BMP-4, and OP-1. BMPR-II 
binds these BMPs, but does not signal when activin A is 
added even in the presence of type I receptors (Liu et al., 
1995; Rosenzweig et al., 1995). BMPR-II binds OP-1 and 
BMP-2 well and forms a signaling complex in the 
presence of ActR-I or BMPR- IB. BMP-4 works less well 
than OP-1 in these combinations. BMPR-IA is less 
effective in signaling with these BMPs when combined 
with BMPR-II, whereas ActR-IB will not signal at all 
under these conditions (Rosenzweig et al., 1995). The 
ability of BMP to signal via BMPR-II and ActR-T in 




combination is of obvious relevance for putative brain 
functions as explained below. It has also been shown that 
OP-1, in contrast to BMP-4, at higher doses binds to 
ActR-II and -IIB when ActR-I, BMPR-IA, or -IB are 
present (Yamashita et al., 1995). This opens further 
possibilities for combinatorial receptor activation and 
signaling in brain cells. However, it should be stressed 
that the receptor preferences for several other BMPs and 
GDFs of possible relevance for brain function still remain 
to be characterized. 

Only recently has the actual expression of serine/ 
threonine receptors in the adult brain been studied. By in 
situ hybridization, Cameron et al. (1994) localized activin 
receptors type IIA and IIB (ActR-II and ActR-IIB, 
respectively) in the rat brain. ActR-II was expressed at 
higher levels in the brain, and labeling was particularly 
strong in the dentate gyrus, taenia tecta, amygdala, 
piriform cortex, entorhinal cortex, and cingulate cortex. 
Similar findings were made by Bengtsson et al. (1995) 
who also reported on the expression of activin receptor 
type IA (ActR-I) in neurons of the hippocampal forma- 
tion, in particular in CA3 but also in CA1 and dentate 
gyrus (Fig. 2). Thus, there was only partial overlap in the 
expression patterns of these two receptors, and we 
suggested that they may have other interacting partners in 
some areas of the brain. A third characteristic pattern was 
found for the bone morphogenetic protein receptor type II 
(BMPR-II) in a later study of serine/threonine kinase 
receptors in the developing and adult rat brain (Soder- 
strom et al., 1996). BMPR-II was expressed in neurons 
throughout the hippocampus, habenula, piriform cortex, 
neocortex, thalamic nuclei, substantia nigra, and cerebel- 
lum. In contrast, BMPR-IA and -IB were below detection 
levels in the adult brain, and ActR-IB was expressed only 
weakly, but nevertheless in a pattern resembling that of 
ActR-I (Soderstrom et al M 1996). The overall result from 
this study is that ActR-1 is the dominating serine/ 
threonine kinase type I receptor in the brain, whereas the 
dominating type II receptors are BMPR-TI and ActR-II 
(Fig. 2). Thus, the major type I receptor in brain, ActR-I, 
has two different abundantly expressed type II receptors, 
BMPR-II and ActR-II, available for interaction as de- 
scribed in the previous section. Although the patterns of 
expression are somewhat different, it is likely that many 
neurons coexpress several or all of these receptors. The 
physiological ligands in the brain for these receptors 
remain to be defined. Functions for the receptors in brain 
trauma are nevertheless suggested by their selective 
regulations in response to injury. Thus, a marked upregu- 
lation of ActR-I mRNA was found in the dentate gyrus 6 
hr after a mild cortical contusion (Lewen et a)., 1997). A 
similar but less intense increase was found also for the 
BMPR-II, whereas ActR-II mRNA in contrast was down- 
regulated in the granule cells. The effects were seen only 
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ipsilateral to the lesion. These observations suggest that 
BMP receptors are regulated in response to excitation of 
the brain, possibly in a manner making it feasible to 
support lesioned neurons with administered BMP factors. 

Finally, a novel type I serine/threonine kinase 
receptor named ALK-7 and preferentially expressed in 
brain was recently cloned by several laboratories (Tsu- 
chida et al., 1996; Ryden et al., 1996; Lorentzon et al M 
1996). This receptor is expressed at very modest levels in 
the cerebral cortex, hippocampus, thalamic and hypotha- 
lamic nuclei, striatum, substantia nigra, and cerebellum. 
However, ALK-7 expression is strongly upregulated in 
the dentate gyrus in response to activation of neural 
activity (Lorentzon et al., 1996), thereby resembling the 
ActR-I and BMPR-II upregulation in these neurons 
(Lewen et al., 1997). There is some evidence for a 
possible interaction between ActR-II and ALK-7 in the 
presence of activin (Ryddn et al., 1996). However, the 
physiologically relevant type II receptor interacting with 
ALK-7 and the ligand for ALK-7 remain to be estab- 
lished. It is nevertheless worth noting that there is an 
interesting overlap in expression of ALK-7 and the 
putative ligand GDF-10 in the adult dentate gyrus and in 
the developing cerebellum (unpublished data). 

SERINE/THREONINE KINASE RECEPTORS 
TRANSMIT THEIR SIGNAL VIA 
CYTOPLASMIC Smad PROTEINS 

A remarkable breakthrough in the understanding of 
TGF0, activin, and BMP signal transduction has been 
seen during the last year. Thus, it has been shown that the 
small group of cytoplasmic Smad proteins (first found as 
mothers against decapentaplegic, Mad, in Drosophila 
and sma-1, -2, and -3 in Caenorhabditis) form a crucial 
and direct link between the activated membrane receptor 
and the target genes in the nucleus of the responding cell 
(review by MassagutS et al., 1997). The vertebrates have 
at least seven different genes encoding Smad proteins, 
each with a unique function (Fig. 4; Hayashi et al., 1997). 
Several of the Smads are receptor activated, and as a 
consequence of this become associated with the shared 
Smad-4 protein and translocated to the nucleus for 
incorporation into transcriptional complexes (Lagna et 
al., 1996; Chen et al., 1996; Zhang et al., 1997b). Most 
important, there is a direct phosphorylation of Smad-1 by 
the BMP type I receptors BMPR-IA and BMPR-IB 
(Hoodless et al., 1996; Kretzschmar et al., 1997). Both 
these kinases require the simultaneous presence of either 
BMPR-II or ActR-IIB type II receptors in order to 
phosphorylate Smad-1 in response to BMP-2. Also Smad-5 
is specifically associated with BMP signaling (Suzuki et 
al., 1997). In contrast, Smad-2 and -3 mediate signals 
evoked by activin (via ActR-IB) and TGF-(3 (via T|3R-I; 
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Fig. 4. Schematic structure of the Smad proteins, cytoplasmic 
messenger molecules linking the activated type I receptor to 
transcriptional activation complexes (upper panel). The amino 
and carboxy termini of the Smad proteins are linked by a 
proline-rich domain. The ligand-activated Smad proteins are 
phosphorylated in their C termini on residues -SSXS- rendering 
the protein active (Kretzschmar et al., 1997). The lower panel 
shows the relationship among the vertebrate Smads and their 
Drosophila Mad protein (encoded by the gene mothers against 
decapentaplegic). Smad-1, -2, -3, and -5 are receptor activated 
and combine with Smad-4 after phosphorylation by the in- 
volved type I receptor. Smad-1, -2, and -5 expression is 
currently under study in the brain by in situ hybridization. 

review by Massagud et al., 1997). In contrast to the 
established activation of Smad-1 by BMPR-IA and 
BMPR-IB after stimulation by BMP-2, little is known 
about the signaling from ActR-I (Massague et aL, 1997), 
the type I receptor most abundantly expressed in adult 
brain neurons (Fig. 2; Soderstrom et al., 1996). Thus, 
none of the known Smad proteins are activated by ActR-I. 
We have examined the expression of Smad-1 , -2, and -5 
in the adult rat and mouse brain by in situ hybridization 
and find weak expression in hippocampal neurons of all 
these genes (our unpublished data). The possibility that 
other Smad proteins than those presently examined 
mediate signaling in response to activation of ActR-I, and 
thus are likely to be of great importance in brain tissue, 
needs further investigation. 

Very recently the structure of the Smad-4 carboxy 
terminus has been solved. It was shown to comprise a 
trimeric structure forming a disk with a flat surface that 
binds to the receptor-activated Smads (-1, -2, -3, and -5) 
after phosphorylation of serine residues in their carboxy 
termini (review by Wrana and Pawson, 1997). An interest- 
ing issue is the nature of the transcription factors with 
which this Smad heterohexameric complex becomes 
associated to control transcriptional activation. One such 
candidate transcription factor, which binds to an activin- 
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responsive DNA element and interacts with the Smad-2 
protein, was recently isolated (Chen et al., 1996). This 
transcription factor, designated FAST-], is a novel mem- 
ber of the HNF-3//brJt head family of winged-helix 
transcription factors that also includes the brain-specific 
transcription factor BF-1 (Tao and Lai, 1992). Very little 
is yet known about the presence and regulation of these 
and related transcription factors that possibly serve 
functions in the BMP signaling pathway in the brain. 
Interestingly, Furuta et al. (1997) recently found that 
BF-1 expression is downregulated in the embryonic 
lateral telencephalon in response to ectopic application of 
BMP-4. Since the winged-helix transcription factors are 
encoded by at least seven genes, several of which have 
been reported to be expressed in the early brain, there is a 
need for further examination of their relevance for BMP 
signaling in the adult CNS. It should also be noted that 
Mad proteins in some cases may activate transcription on 
their own, by sequence specific binding via their amino- 
terminal domain (Kim et al, 1997). 

Of obvious interest is the definition of the set of 
downstream genes being regulated by the activated 
Smad-containing transcriptional complexes. At least dur- 
ing development these genes are likely to encode various 
transcription factors determining the identity of the 
immature cell. Indeed, BMP-4 has been shown to induce 
the expression of the homeobox genes Msxl and Msx2 
(review by Davidson, 1995) in the early mouse telencepha- 
lon (Furuta et al., 1997) and in rhombomeres 3 and 5 of 
the chicken embryo (Graham et al., 1994), respectively. It 
seems fair to say that the genes being controlled by BMPs 
in the adult brain are urgently in need of study. 



GENETIC ANALYSIS OF BMP FUNCTION 
IN THE CNS 

It is clear from the overall expression pattern of 
serine/threonine kinase receptors in the adult brain that 
BMP signaling pathways may serve important functions 
for neuroplasticity and synapse functions. Similar func- 
tions have been implicated also for neurotrophins and 
their Trk tyrosine kinase receptors (see review by Sch- 
uman, 1997). The serine/threonine kinase membrane 
receptors may constitute an evolutionarily conserved 
system for control of development of and plasticity in 
nerve nets. Thus, it may be of significance that the 
addition of TGFp to isolated nerve tissue from Aplysia 
induces long-term synapse facilitation of synapses be- 
tween sensory and motor neurons (Zhang et al., 1997a). 
However, several circumstances prevent a clear view on 
the BMP functions in brain plasticity. One is the apparent 
redundancy among potential ligands activating the BMP 
receptors. During brain development this overlap in the 
expression of several BMPs allowing for compensatory 




actions have been used to explain the mild phenolypic 
manifestations of eliminating the gene encoding any 
single BMP factor (Furuta et al., 1997). Another fact is 
that elimination of the BMP genes of interest in several 
cases are embryo lethals and that studies on brain 
development consequently are restricted to early stages 
(reviewed by Hogan, 1996). 

It is thus a challenge to apply nerve-tissue specific 
or inducible gene knock-outs to further define the func- 
tion of different BMPs in the adult mouse brain. Such an 
approach is feasible using the Cre-loxP system as recently 
shown by Tsien et al. (1996). Consequently, the applica- 
tion of such techniques will delineate the function of each 
BMP or combinations of BMPs in the brain. Moreover, 
using such a genetic approach to dissect neuroplasticity 
may also open for analysis the possible interactions 
between the serine/threonine kinase receptor pathway 
controlled by BMPs and related TGFp superfamily 
members with the tyrosine kinase receptor pathway 
activated by neurotrophins. Besides increasing basic 
understanding of brain functions, the outcome may result 
in novel approaches for pharmacological intervention to 
rescue degenerating neurons. 
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Rapid Communication 

Glial Cell Line-Derived Neurotrophic Factor 
Stimulates Fiber Formation and Survival in 
Cultured Neurons From Peripheral 
Autonomic Ganglia 
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Human recombinant glial cell line-derived neuro- 
trophic factor (GDNF) was tested for its ability to 
stimulate fiber formation and neuron survival in 
primary cultures of peripheral ganglia dissected 
from the chicken embryo. GDNF, first characterized 
by its actions on central nervous system (CNS) 
neurons, had a marked stimulatory effect on fiber 
outgrowth in sympathetic and ciliary ganglia. 
Weaker responses were evoked in sensory spinal and 
nodose ganglia and in the ganglion of Remak. In 
addition, survival of neurons from the sympathetic 
and ciliary ganglia was stimulated by GDNF at 50 
ng/ml. The effects were not mimicked by the distant 
but related protein transforming growth factor beta 
1 (TGFpl). The profile of neurons stimulated by 
GDNF is also distinct from the patterns of stimula- 
tion shown by nerve growth factor (NGF), stimulat- 
ing strongly sympathetic but not ciliary ganglia, and 
ciliary neurotrophic factor (CNTF), stimulating 
mainly the ciliary ganglion. Moreover, using in situ 
hybridization histochemistry, GDNF was demon- 
strated to be present in the pineal gland in the new- 
born rat, a target organ for sympathetic innervation. 
The present results suggest that GDNF is likely to act 
upon receptors present in several autonomic and 
sensory neuronal populations. GDNF may serve to 
support fiber outgrowth and cell survival in periph- 
eral ganglia, adding yet one more trophic factor to 
the list of specific proteins controlling development 
and maintenance of the peripheral nervous system. 
© 1995 Wiley-Liss, Inc. 

Key words: trophic factor, TGFp, chicken embryo, 
tissue culture, bioassay 



INTRODUCTION 

Development, selective survival, and function of 
neurons are regulated by cellular interactions mediated 
by a host of neurotrophic molecules. Thus, proteins with 
a well-characterized ability to support neurons include 
the family of neurotrophins [nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), and neurotro- 
phins-3 and -4 (NT-3 and NT-4)], ciliary neurotrophic 
factor (CNTF), acidic and basic fibroblast growth factors 
(aFGF and bFGF, respectively), and insulin-like growth 
factors (IGF-1 and IGF-2). 

A recent addition to the list of proteins with trophic 
effects on neurons is glial cell line-derived neurotrophic 
factor (GDNF) (Lin et aL, 1993). GDNF was initially 
documented to support survival, differentiation, and 
high-affinity dopamine uptake in fetal dopamine neurons 
from the ventral mesencephalon in vitro. The active mol- 
ecule was purified and partially sequenced and subse- 
quently DNA clones encoding the novel neurotrophic 
factor were isolated from rat cDNA and human genomic 
DNA (Lin et al., 1993). Analysis of the sequences ob- 
tained showed that GDNF, a 134-amino-acid protein in 
its mature form, is a member of the transforming growth 
factor beta (TGF(3) superfamily of growth and transform- 
ing factors (see review by Massague, 1990) but is not 
closely related to any of the many previously known 
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members of this family (Burt, 1992; Lin et al., 1993; 
Burt and Law, 1994). When expressed as a recombinant 
protein produced in bacteria, the GDNF, after proper 
refolding (Lin et al., 1993) had the expected dopami- 
notrophic activity originally described in the glial cell 
line from which it was derived (Schubert et al., 1974). 
The TGF0 proteins, the neurotrophins, and the platelet- 
derived growth factors A and B (PDGFs) all share some 
protomeric structural motifs rendering them members of 
the cystine-knot superfamily of growth factors (McDon- 
ald and Hendrickson, 1993). GDNF, like the other cys- 
tine-knot proteins, form homo- or heterodimers that are 
the biologically active entities. It is thus interesting that 
neurotrophic activities have been ascribed not only to 
NGF and the other neurotrophins, but also to PDGF and 
to TGF(3s. Very recently, the structural characterization 
of human chorionic gonadotropin (hCG) has shown that 
it is also a member of the cysteine-knot family of proteins 
(Lapthorn et al., 1994) but the neurotrophic activity of 
hCG has not yet been reported. 

So far, studies of the effects of GDNF have in- 
volved neurons of the central nervous system (CNS) such 
as the mesencephalic dopamine neurons and a-motoneu- 
rons (Lin et al., 1993). In addition, GDNF is expressed 
in the rat striatum and in other areas of the brain during 
development (Schaar et al., 1993; Stromberg et al., 
1993). Moreover, in the adult rat brain, kainate-induced 
epileptic seizures induce GDNF expression in the gran- 
ule cells of the adult dentate gyrus (Humpel et al. , 1994), 
and pilocarpine-induced seizures lead to upregulation of 
GDNF in the striatum (Schmidt- Kastner et al., 1994). 

In the present report we demonstrate that GDNF 
also has the ability to stimulate peripheral neurons. We 
document neurotrophic effects of GDNF in a series of 
sympathetic and parasympathetic autonomic as well as 
some sensory peripheral neurons in culture. It is shown 
that GDNF has substantial trophic effects, particularly on 
some autonomic neuron populations, and that these pat- 
terns of stimulation are distinct from those evoked by the 
neurotrophins (NGF, BDNF, NT-3, and NT-4) as well as 
CNTF and TGFpl. 

MATERIALS AND METHODS 

Ganglia from chicken embryos at day 9 of incuba- 
tion were explanted as intact ganglia for a fiber-out- 
growth assay (Ebendal et al. } 1978; Hedlund and Eben- 
dal, 1978; Ebendal et al., 1980, 1984; Ebendal, 1989) 
or, in the case of the sympathetic paravertebral trunk 
ganglia and the ciliary ganglion, dissociated for a neu- 
ron-survival assay (Ebendal et al., 1985; Kullander and 
Ebendal, 1994). Sympathetic paravertebral ganglia and 
sensory spinal ganglia (dorsal root ganglia) were dis- 
sected from the lumbosacral region of the embryo. The 
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ciliary ganglion was taken from the orbit, the nodose 
ganglion from the vagus nerve rostral to the heart. Fi- 
nally, the ganglion of Remak was isolated from the me- 
sorectum of the embryo (Hedlund and Ebendal, 1978). 
The effects of GDNF in cultures of the sensory trigem- 
inal and spinal (dorsal root) ganglia were also tested. 
Ganglia or dissociated neurons were placed in collagen 
gels for culture as detailed by Ebendal (1989). All find- 
ings were repeated at least twice in independent experi- 
ments yielding the same results. The basic finding of a 
strong GDNF stimulation of the sympathetic ganlion has 
been repeated in more than 25 cultures established over 
a period of more than 6 months in our laboratory. Like- 
wise, the survival data are based on counting of several 
hundred neurons on several occasions. 

Recombinant human GDNF was obtained from 
Synergen, Inc. (Boulder, CO). The protein was pro- 
duced in bacteria, refolded to yield an active molecule, 
and purified as a non-glycosylated disulfide-bonded ho- 
modimer as described (Lin et al., 1993). Human recom- 
binant TGFpi was obtained from Boehringer Mannheim 
(Darmstadt, Germany). Both proteins were aliquoted to 
avoid repeated freeze-thawing cycles and added to the 
culture medium at the final concentrations indicated for 
each experiment. For positive effect on neuron survival, 
purified mouse (3NGF (Ebendal et al., 1984) was added 
to sympathetic neurons at 5 ng/ml. To support ciliary 
neuron survival, an extract of the choroid coat including 
the pigment epithelium from the 18-day-old chicken em- 
bryo was added at a final concentration of 200 |ULg of total 
protein/ml of medium (Ebendal, 1987). 

Ganglia and dissociated neurons were observed un- 
der darkfield or phase contrast optics, fiber outgrowths 
observed, neurons counted, and microphotographs taken 
after 2 days in culture. 

For in situ hybridization, El 7 rat fetuses were 
taken from pregnant Sprague-Dawley rats that had been 
killed by neck dislocation under deep ether anesthesia. 
The heads of the fetuses were rapidely frozen on dry ice. 
Newborn rats were killed by decapitation and the heads 
frozen on blocks of dry ice. Cryostat sections (14 (xm 
thick) of the fetal and neonatal brains were cut and 
placed on coated slides (ProbeOn, Fisher Biotech, Or- 
angeburg, NY). To perform in situ hybridization (Dager- 
lind et al., 1992), sections were thawed and hybridized 
with two antisense oligonucleotide probes (both 50- 
meres, positions corresponding to nucleotides 456-505 
and 540-589, respectively, in the sequence deposited 
under GenBank accession number LI 5305; see Lin et 
al., 1993). These two oligonucleotide probes had no sim- 
ilarities to sequences deposited in GenBank and gener- 
ated identical in situ hybridization patterns in tissue. As 
a negative control, a random probe of the same length 
and GC content was applied to adjacent sections. This 
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Fig. 1. The response to GDNF in explanted sympathetic and 
ciliary ganglia. A: A sympathetic ganglion cultured for 2 days 
in the presence of GDNF at 100 ng/ml. A dense, short fiber 
outgrowth is evident around the ganglion. B: The same con- 
ditions as in A but with a ciliary ganglion. The formation of 



fiber fascicles is evident. C: A negative control with a sym- 
pathetic ganglion cultured for 2 days without the support of 
GDNF. D: A ciliary ganglion in control medium. Darkfield 
micrographs of living cultures. 



random probe did not give rise to any signals above 
background in examined tissues. The oligoprobes were 
end labeled with 35 S-dATP using terminal deoxyribonu- 
cleotidyl transferase. The probes were then purified 
(Nensorb columns) and applied to the tissue sections at 
42°C overnight in a hybridization solution. Following 
this, the slides were rinsed in 1 x SSC at 54°C, dehy- 
drated in a series of ethanols, and air-dried. The slides 
were dipped in Kodak NTB-2 film emulsion and exposed 
for 6-8 weeks at -20°C, developed in a photographic 
developer, fixed, lightly stained with cresyl violet, and 
mounted. The sections were observed and photographed 
with dark- and brightfield illumination (Nikon Microphot 
FX microscope). 

RESULTS 

GDNF, present at a concentration of 50-100 ng/ 
ml, was consistently found to evoke marked fiber out- 
growth in the explanted sympathetic and ciliary ganglia 
cultured for 2 days (Fig. 1 A,B). The outgrowth consisted 



of dense, short fibers around the sympathetic ganglia. 
From the ciliary ganglion, GDNF evoked the formation 
of fairly thick fiber fascicles. The concentrations tested 
were 0.5, 5, 50, 100, 200, 400, and 1,000 ng/ml of 
GDNF in the medium and optimum fiber responses were 
obtained in the sympathetic ganglia with 50 and 100 
ng/ml. The resulting outgrowth in the sympathetic gan- 
glion was less prominent than that evoked by NGF at 
3-5 ng/ml (Ebendal, 1989), but the fibers were dense 
and markedly tufted. For comparison, representative 
NGF-induced outgrowth responses in sympathetic gan- 
glia in this assay can be found in a recent report by 
Kullander and Ebendal (1994). 

The ciliary ganglion responded by fiber outgrowth 
to GDNF in the range of 5-1 ,000 ng/ml, thus at a wider 
range of concentrations than found effective to evoke 
fiber outgrowth in the sympathetic ganglion. Control cul- 
tures of sympathetic and ciliary ganglia without added 
GDNF were totally devoid of fiber outgrowth (Fig. 
1C,D). 

Some effects of GDNF on fiber outgrowth were 
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Fig, 2. Effects of GDNF on fiber outgrowth in the nodose 
ganglion. Some thick fiber fascicles have formed from this 
sensory ganglion cultured for 2 days with 100 ng/ml of GDNF. 



A: Darkfield overview of the ganglionic explant. B: Phase 
contrast close-up showing the heavily fasciculated fibers in- 
duced by GDNF. 



also observed in the nodose ganglion (Fig. 2A). A few 
thick fiber fascicles (Fig. 2B) were formed from this 
serisory ganglion in response to 100 ng/ml of GDNF over 
the 2 day culture period. It should be stressed that the 
outgrowth response was markedly weaker than that 
evoked by NT-3 at 5-10 ng/ml (for a comparison, see 
the results obtained in this assay presented by Ernfors et 
al., 1990) in this epidermal placode-derived ganglion. 
GDNF also weakly stimulated some fiber outgrowth in 
the spinal dorsal root ganglia (not shown) and in the 
trigeminal ganglion (data not shown). The effect of 
GDNF on fiber outgrowth from Remak's ganglion (data 
not shown) was only marginal at 50 ng/ml, in contrast to 
the very strong fiber outgrowth evoked in this ganglion 
by NT-3 at concentrations of 3-5 ng/ml (Ernfors et al., 
1990; Kullander and Ebendal, 1994). 

The specificity of the GDNF stimulation in the gan- 
glia was tested by comparisons of neurotrophic responses 
evoked by TGF01. Sympathetic ganglia cultured for 2 
days with TGF(31 at 10 and 100 ng/ml were found to lack 
fiber outgrowth and thus resemble the control explants in 
ordinary culture medium (Fig. 3A,B), in contrast to the 
dense fiber outgrowth formed in response to GDNF at 
100 ng/ml (Fig. 3C,D). The specificity of the GDNF 
stimulation was tested also in the ciliary ganglion. In 
control medium no formation of fibers occurred (Fig. 
4A). The ciliary ganglion likewise showed no response 
to TGFpl at 10 or 100 ng/ml (Fig. 4B) present for 2 days 
in the culture. In contrast, GDNF present at 100 ng/ml 
resulted in the formation of dense fiber fascicles (Fig. 
4C). 

In addition to selective stimulation of fiber out- 
growth in some peripheral ganglia, GDNF has survival 
effects on dissociated ganglionic neurons in culture. A 
dose-response relationship between survival of sympa- 
thetic neurons and the presence of GDNF in the concen- 



tration range 1-100 ng/ml is shown in Figure 5A. Half- 
maximum survival effect was seen at about 50 ng/ml 
GDNF and represents rescue of nearly half of the seeded 
neurons. Increasing the dose of GDNF above 100 ng/ml 
did not further enhance survival rate (data not shown). A 
similar response was found in the dissociated ciliary neu- 
rons stimulated by GDNF (Fig. 5B). For sympathetic 
neurons, NGF at 5 ng/ml will rescue close to 100% of the 
neurons. The same is true for ciliary neurons when 
grown with a choroid extract from the eye of the embry- 
onic day 18 chicken (Ebendal, 1987). 

In order to examine the presence of GDNF mRNA 
in target tissue for peripheral autonomic innervation, we 
used the rat since the chicken GDNF sequence is not yet 
known. In situ hybridization using two non-overlapping 
GDNF specific oligonucleotide probes revealed a strong 
signal in the pineal gland of the newborn rat (Fig. 6A). 
The signal appeared to be present over most but not all 
pinealocytes (Fig. 6B). A similar signal was seen also in 
the pineal gland of the fetal rat at embryonic day 17 (not 
shown). 

DISCUSSION 

In the present report we show that GDNF has a 
pattern of stimulating ganglionic neuron populations dis- 
tinct from those described earlier for the neurotrophins 
NGF, BDNF, NT-3, and NT-4, as well as from that of 
the ciliary neurotrophic factor CNTF. Thus, the Remak 
ganglion is strongly stimulated by NT-3 (Ernfors et al., 
1990; Kullander and Ebendal, 1994) due to its abundant 
expression of the tyrosine kinase receptor TrkC 
(Williams et al., 1993), whereas GDNF had very limited 
stimulatory action on this ganglion. The sympathetic 
ganglion was markedly stimulated by GDNF but not to 
the extent of that seen with NGF. The response involved 
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Fig. 3. Specificity of the GDNF stimulation in the sympathetic 
ganglion. A: Sympathetic ganglion in control medium after 2 
days of culture. B: A sympathetic ganglion cultured for 2 days 
with TGFpl at 100 ng/ml. C: Sympathetic ganglion with 
GDNF at 100 ng/ml present in the medium for the culture 




period of 2 days. Only with GDNF present are fibers formed. 
Darkfield microscopy. D: Phase contrast detail of fiber out- 
growth from a sympathetic ganglion grown for 2 days with 
GDNF at 100 ng/ml. 



both a survival and a fiber outgrowth response. On the 
other hand, GDNF also stimulated the ciliary ganglion 
which NGF does not. It remains to be examined whether 
there are time-dependent switches in the responsiveness 
to GDNF in the autonomic and sensory neurons exam- 
ined here in analogy to changing dependency for differ- 
ent neurotrophins found earlier in sensory neurons 
(Buchmann and Davies, 1993). This could provide in- 
sight into potential temporal windows during develop- 
ment when these peripheral neurons depend on GDNF. 
In situ hybridization has been utilized to study GDNF 
expression and its relationship to innervation. It has been 
shown that there is an early expression of GDNF in the 
brain which is later downregulated (Schaar et al., 1993; 
Stromberg et al., 1993), and such an expression pattern 
may argue for developmental regulation of GDNF to 
serve neurosupportive functions during restricted periods 
of neurodevelopment. 

Embryonic tissue extracts and explants have, in a 
number of cases, been shown to stimulate ganglionic 
neurons in culture (Ebendal et al., 1980, 1984, 1985; 
Ebendal, 1987). Many of these effects have been as- 



cribed to the presence of CNTF, but also to aFGF and 
bFGF. GDNF is one more factor which may have con- 
tributed to these observed stimulatory effects. 

In order to examine if GDNF mRNA is present in 
any target areas for peripheral innervation we used the 
perinatal rat, since the GDNF gene has not yet been 
sequenced from the chicken. In view of the marked ef- 
fects of GDNF on the chicken sympathetic ganglia, we 
chose to study one target organ for the sympathetic su- 
perior cervical ganglion, i.e., the pineal gland. Consis- 
tent with the in vitro data, the pineal gland was found to 
express relatively high levels of GDNF mRNA during 
late prenatal and early postnatal stages of development 
(Fig. 6). Thus, GDNF may be one of the target-derived 
trophic factors stimulating the sympathetic nerves that 
innervate targets such as the pineal gland. 

In the present study, specific activities of GDNF on 
the responsive peripheral neurons were found in the 
range of 50-100 ng/ml of the factor. This contrasts with 
the lower concentrations found to evoke tyrosine hydrox- 
ylase (TH) induction in cultured ventral mesencephalic 
neurons. Thus, Lin et al. (1993) found GDNF to be 
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Fig. 4. Specificity of the GDNF stimulation in the ciliary gan- 
glion. A: Ganglion grown in control medium for 2 days. No 
formation of fibers occurs. B: A ciliary ganglion showing no 
response to TGFfJl at 100 ng/ml. C: A ciliary ganglion cul- 



tured for 2 days with GDNF present at 100 ng/ml. GDNF, but 
not TGF(3 1 , elicited dense fiber fascicles. Darkfield micros- 
copy. 
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Fig. 5. Survival effect of GDNF on dissociated ganglionic 
neurons in culture. A: Dose-response curve for survival of 
sympathetic neurons in response to GDNF. B: The same ex- 
periment shown for ciliary ganglionic neurons. Each graph is 



based on two independent experiments, with each value based 
on observations of the survival in several hundred neurons. 
Mean value and range are shown. Survival is shown relative to 
the number of initially seeded neurons. 



effective at a concentration of 0.04-1 ng/ml, which is in the result of GDNF mimicking a related endogenous 

line with what is generally expected for a high-affinity growth factor that might act on the peripheral neurons at 

interaction between a growth factor and its specific re- higher efficiency. 

ceptor. It is therefore possible that the present effects are The present experiments showed that GDNF stim- 




Fig. 6. In situ hybridization with an oligonucleotide probe complementary to rat GDNF 
mRNA. A: Darkfield overview of the pineal gland (Pi) of the newborn rat. B: Brightfield 
micrograph showing hybridization signal over many but not all pinealocytes. 



ulated the ciliary ganglion to form nerve fibers in a con- 
centration range of 5-1 ,000 ng/ml, thus at a wider range 
of concentrations than was effective for the sympathetic 
ganglion. This may reflect differences in the growth 
properties of the ganglia when taken to culture and not 
necessarily point to different receptor mechanisms. We 
have earlier found that NT-3 marginally stimulates fiber 
formation in the ciliary ganglion (Ernfors et al., 1990). 
The response to GDNF is stronger than that elicited by 
NT-3 and also appears stronger than the fiber outgrowth 
response evoked by recombinant CNTF in explanted cil- 
iary ganglia (see Carri et al., 1994). 

Before the cloning of GDNF, members of the 
TGFp superfamily of growth factors have been consid- 
ered to possess various neurotrophic and neuron differ- 
entiating properties. Thus TGFpi promotes the survival 
of motoneurons in culture, but fails to support the sur- 
vival of dissociated sympathetic neurons (Martinou et 
al., 1990), in contrast to the action of GDNF shown 
here. Activin has been found to stimulate survival in 
some populations of neurons including the chicken em- 
bryo retina (Schubert et al., 1990), but has failed to 
support the survival of dissociated ciliary ganglionic neu- 
rons in an assay similar to the one used here. Again, this 



contrasts with the supportive effect of GDNF on disso- 
ciated ciliary ganglion neurons in the present report. 

TGFpi, -2, and -3 have all been localized in the 
nervous system using specific peptide antibodies 
(Flanders et al., 1991). TGFpl was mainly found in the 
meninges, whereas TGF(32 and TGFp3 were found in 
neurons and radial glia. It was also found that TGF£2 
and -3 inhibited the survival of ciliary ganglion neurons 
in the presence of an eye extract normally supporting 
these neurons in dissociated cultures (Flanders et al., 

1991) . This could again indicate the presence of recep- 
tors for TGF(3s being present on these primary neurons. 
Supportive of this, TGFpl and -2 were found to enhance 
sensory dorsal root ganglion neuron survival and result in 
increased levels of substance P (Chalazonitis et al., 

1992) , actions suggested to be exerted synergistically 
with NGF. Other additive or synergistic effects of GDNF 
with the neurotrophins are thus possible, but have yet to 
be studied. 

The present data suggest that a receptor mechanism 
for GDNF or a related trophic factor is present in devel- 
oping sympathetic and ciliary neurons and that the re- 
ceptor specificity is such that GDNF is an agonist ligand 
whereas TGFp 1 fails to elicit the signaling events lead- 




ing to fiber outgrowth or neuron survival in these neu- 
rons. Several receptors for the members of the TGFfJ 
family have been identified (see reviews by Massague, 
1992; Lin and Lodish, 1993), but the GDNF receptor, or 
receptors, remains uncharacterized. It seems likely that 
the receptor molecules for GDNF are related to the other 
signaling receptors mediating the actions of the members 
of the TGFp superfamily. Activin receptors (Matthews 
and Vale, 1991; Attisano et al., 1992) and a TGF0 re- 
ceptor serine/threonine kinase receptor have been cloned 
(Lin et al., 1992) and classified as type II transmembrane 
receptors of approximately 75 kDa. Also several type I 
receptors have been cloned (ten Dijke et al., 1994). It is 
considered that TGF(3 actions are mediated via signal 
transduction involving the heterodimerization of recep- 
tors of the two types and that type II receptors exhibit a 
higher degree of specificity for their cognate ligands than 
the type I receptors (ten Dijke et al., 1994). It has re- 
cently been shown that the receptors of class II bind the 
TGFp and as a second step recruit receptors of type I, 
which as a result is phosphorylated on serines and thre- 
onines as an initial step in a cascade of signaling phos- 
phorylation of downstream proteins (Wrana et al. , 1994). 
Recently, a chicken type II TGFp receptor has been 
cloned (Barnett et al., 1994) and has considerable se- 
quence similarity to the mammalian TGF(3 receptor II in 
the kinase domain but is highly divergent in the N-ter- 
minal ligand binding part of the receptor. Whether this 
receptor is mediating the GDNF effects seen presently in 
peripheral chicken neurons remains to be studied. 

Since TGFP induces the formation of extracellular 
matrices (Massague, 1990; Lin and Lodish, 1993) simi- 
lar effects may be evoked by GDNF. Such a mechanism 
might be particularly important in the development of the 
peripheral nervous system where growing axons come 
into contact with a rich extracellular matrix. It has also 
been shown that various molecular components of such 
matrices enhance the formation of fiber outgrowth from 
the ganglia studied here (Carri et al., 1988). A further 
possible mechanistic link between GDNF and the extra- 
cellular matrix involves the possibility that such matrices 
bind locally secreted GDNF to enhance nerve growth and 
neuron differentiation, as has been shown for other mem- 
bers of the TGFp superfamily (Massague, 1990; Lin and 
Lodish, 1993). 

The importance of GDNF for sympathetic ganglion 
development in vivo remains unclear. Null mutations of 
members of the neurotrophin family in mice suggest that 
GDNF does not have a function that is redundant to that 
of the neurotrophins. Thus the superior cervical ganglion 
will lose neurons in the mice homozygous for the null 
mutation. However, the. temporal relationships have not 
been defined so the contribution of GDNF to survival of 
peripheral neurons cannot yet be established. Homozy- 
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gous NGF null mutant mice (Crowley et al., 1994) show 
marked reductions in the sympathetic superior cervical 
ganglion, with up to 80% reduction of the ganglionic 
volume, losses of neurons, and the presence of abundant 
pycnotic nuclei 3 days after birth. Moreover, inactivation 
of the NT-3 gene in mice (Ernfors et al., 1994; Farinas 
et al., 1994) leads to a 50% loss in neurons in the supe- 
rior cervical ganglion. Thus, the normal expression of 
GDNF is not sufficient to maintain the sympathetic neu- 
rons in animals lacking NGF or NT-3 during develop- 
ment. It is possible that the small remaining population 
of neurons may represent GDNF-dependent cells or that 
GDNF affects a wider population of NGF- and NT-3- 
dependent neurons during other time windows of devel- 
opment (cf. Buchmann and Da vies, 1993). 

These complexities notwithstanding, we have dem- 
onstrated that GDNF has a stimulatory effect on sympa- 
thetic and ciliary ganglionic neurons. The data suggest 
the possibility that GDNF, or an endogenous ligand sim- 
ilar to GDNF, has potent neurotrophic functions support- 
ing cell survival and neurite promotion in these neurons 
during stages of their development, with a spectrum of 
responsive neurons not shared by other known trophic 
factors. The present report also shows that sympathetic 
ganglion explants offer a robust and simple way to assay 
for the activity of GDNF, and possibly also for related 
molecules. 
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mRNA for bone morphogenetic protein receptor type 
II (BMPR-II) was mapped to different neurons in 
peripheral ganglia and spinal cord of the chicken 
embryo* The expression of this serine/threonine ki- 
nase receptor partially overlaps with that of tyrosine 
kinase receptors Trk and Ret Biological activities of 
osteogenic protein- 1 (OP-1), a documented ligand for 
BMPR-II, were tested in explanted embryonic chicken 
ganglia and dissociated ganglionic neurons. OP-1 had 
only a limited stimulatory effect on neuronal survival. 
However, OP-1 combined with either neurotrophin-3 
(NT-3, a relative of nerve growth factor) or glial cell 
line-derived neurotrophic factor (GDNF) potentiated 
neuronal survival three- to fourfold. We also show 
thqt OP-1 strongly potentiates nerve fiber outgrowth 
from ganglia stimulated with NT-3 or GDNF. Signal- 
ing by BMPR-II in neurons may potentiate the tyro- 
sine kinase pathway activated by NT-3 and GDNF. 
The data suggest that morphogenetic proteins may 
modulate neurotrophic activities during neuronal de- 
velopment and plasticity. J. Neurosci. Res. 53:559- 

568, 1998. © 1998 Wiley-Liss, Inc. 

Keywords: serine/threonine kinase receptors; bone 
morphogenetic protein receptor type II; BMPR-II; 
osteogenic protein-1; OP-1; neurotrophin-3; NT-3; 
glial cell line-derived neurotrophic factor; GDNF 

INTRODUCTION 

Development of the nervous system requires cell 
signaling by a series of nerve growth factors and their cell 
surface receptors. Two major classes of growth factor- 
responsive transmembrane kinase receptors have been 
characterized. The first is the tyrosine kinase receptor 
type (Hanks and Quinn, 1991), which includes the 
platelet-derived growth factor (PDGF) receptor, the fibro- 
blast growth factor (FGF) receptor, the Trk family 
(composed of kinase receptors for the neurotrophins 
[Lewin and Barde, 1996]), and Ret (i.e., the signaling 
receptor for glial cell line-derived neurotrophic factor 



[GDNF; Trupp et al., 1996]). The second major class of 
growth factor receptors are serine/threonine kinases 
(Hanks and Quinn, 1991), which mediate signaling by the 
majority of members within the transforming growth 
factor (TGF)-p superfamily (Burt and Law, 1994; Griffith 
et al., 1996); this group includes activins, growth/ 
differentiation factors (GDFs), and bone morphogenetic 
proteins (BMPs; for review, see Hogan, 1996). These 
factors have been reported to induce a wide range of 
effects, including inhibition of cell proliferation; stimula- 
tion of extracellular matrix deposition; and promotion of 
cell differentiation, bone formation, and repair processes. 
These factors are also important in the patterning of the 
early embryo. Activin serves a dorsalizing function, and 
BMPs ventralize the vertebrate embryo (Hogan, 1996; 
Graff, 1997). Moreover, a potential role for the TGF-0 
superfamily members in neuronal development, plastic- 
ity, and maintenance has also been suggested (Krieglstein 
et al., 1995; Furuta et al M 1997). 

TGF-p and relatives control cell fate by regulating 
expression of genes encoding key components of cell 
phenotype. They serve as adapters to specifically engage 
membrane receptors in heterooligomeric complexes of 
type I and II serine/threonine kinase receptors. Ligand 
specificity resides with the type II receptors that are 
constitutively active kinases. On heterooligomerization, 
they phosphorylate the type I receptors in a glycine-rich 
juxtamembrane domain. This activated form of the type I 
receptor propagates the signal into the cell (ten Dijke et 
ak, 1996) through activating specific cytosolic Smad 
proteins (Massague et al., 1997) by phosphorylation (for 
review, see Massague, 1996). 
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Previously, we have shown that the expression of 
the serine/threonine kinase receptors types I and II are 
expressed throughout the nervous system, including many 
regions of the brain, in type-specific patterns that are 
strictly regulated during development and on lesion of the 
adult brain (Bengtsson et al., 1995; Lorentzon et al., 
1996; Soderstrom et aL 1996; Lewen et al., 1997). This 
expression indicates important roles of the TGF-(1 super- 
family factors — particularly in the BMP subgroup — in 
the nervous system during development and in the adult 
organism (Lewen et aL, 1997; for review, see Ebendal et 
al., 1998) These proteins may interact with the neurotroph- 
ins to establish the organization of the nervous system. 
Indeed, Lein et al. (1995) reported that osteogenic 
protein- 1 (OP-1, also known as BMP-7) stimulated 
dendritic outgrowth in rat sympathetic neurons in culture, 
with nerve growth factor (NGF) as a necessary cofactor. 
Lein et al. found that OP-1 distinctly increased the 
number of dendrites over 10 days in culture. OP-1, 
BMP-2, and BMP-4 also induce adrenergic differentia- 
tion, notably induction of tyrosine hydroxylase and 
transcription factor Mashl expression in trunk neural 
crest stem cells (Reissmann et al., 1996; Shah et aL, 1996; 
Varley and Maxwell, 1996). 

We used a low-stringency, degenerate PCR strategy 
to isolate receptor sequences expressed in embryonic 
ganglia. Besides a number of well-known receptors 
(Trk's, FGF receptors, PDGF receptor type A, and type I 
♦ and type II serine/threonine receptors), we also identified 
a then-unknown sequence abundantly expressed in gangli- 
onic neurons (deposited in GenBank under account no. 
Y11870). Subsequent reports by other groups described 
the same sequence in human and chicken (designated 
BMPR-II and BRK-3, respectively) as the bone morpho- 
genetic protein receptor type II (BMPR-II; Kawabata et 
al., 1995; Kawakami et al., 1996). Because human 
BMPR-II was shown to bind OP-1, we considered it of 
interest to test this ligand on primary neurons obtained 
from the chicken embryo. Thus, bioassays of neuro- 
trophic activities of OP-1 and other factors were per- 
formed using explanted ganglia in collagen gels (Eben- 
dal, 1989) or dissociated neurons from such ganglia; the 
stimulation of nerve fiber growth and neuron survival, 
respectively, were examined (Ebendal, 1987, 1989). Such 
bioassays allow for distinction among NGF; its relatives 
neurotrophin-3 (NT-3; Ernfors et al., 1990), brain-derived 
neurotrophic factor (BDNF), and neurotrophin-4 (NT-4; 
Hallbook et aL, 1995); and other neurotrophic factors 
such as CNTF and GDNF (Ebendal et aL, 1995). With the 
use of a set of different ganglia (sympathetic, parasympa- 
thetic and other autonomic, and sensory), the activity 
profiles of specific neurotrophic factors can be mapped 
and ciliary neurotropic factor used to identify various 
growth factors or to predict their actions on other neurons 




(Ebendal et aL, 1995) — from the brain, spinal cord, or 
retina, for example — that carry similar receptors for 
neurotrophic proteins (Vazquez and Ebendal, 199 1 ; Eben- 
dal et aL, 1995; Hallbook et aL, 1995). OP- 1 was tested in 
this system at different concentrations, either alone or in 
combination with established neurotrophic factors. We find 
that OP-1 alone has limited stimulatory effects on neuronal 
survival, whereas the neurotrophic effects of NT-3 and GDNF 
were distinctly potentiated in the presence of OP-1. 

MATERIALS AND METHODS 
In Situ Hybridization 

Four different in situ oligonucleotide probes were 
designed as follows: 1) Chicken BMPR-II, S'-TCTT- 
TAAGTGATCTCACAGCCAAGCTGTTCTCTTT CCA 
TGCTTCTGGG-3 ' , corresponding to amino acid resi- 
dues FPEAWKENSLAVRSLKETIED in the kinase sub- 
domain X of the chicken BMPR-II cloned here (GenBank 
accession no. Y11870). The position of this oligoprobe is 
homologous to nucleotides 244-291 of our sequence and 
nucleotides 1,586-1,633 in the chicken BRK-3 sequence 
(AB006785). 2) Chicken Ret, 5 * -TTG AC ATAG- 
GAATCTTCTTCATACACATCACGGGATAGGCCA 
AAATCA-3', between kinase subdomains VII and VIII, 
nucleotides 2,677-2,724 of entry Z49898 GenBank. 3) 
Chicken TrkA, 5 ' -GGGC AGC ATGGTCCG ACCGC- 
CC ACCCGGTAGTAGTCGGTGCTGTAG AT-3 ' (over- 
riding the potential kinase insert site found in TrkC), 
amino acids IYSTDYY(RA r )GGRTMLP, between kinase 
subdomains VII and VHI. See Backstrom et al. (1996) for 
our sequence of chicken TrkA (GenBank accession no. 
X93581). 4) Chicken TrkC, 5 1 - AGGC AGCATGGTGT- 
GTCCTCCAACCCTGTAGTAATCAGTGCTGTAGAC- 
3', amino acids VYSTDYY(R/V)GGHTMLP, between 
kinase subdomains VII and Vm, residues 682-697 of the 
chicken TrkC, nucleotides 2,084-2,131 in the sequence 
of Okazawaetal.(1993). 

The labeling reaction included 5 |il of 5X Cobalt- 
reaction buffer, 2 (il of probe (0.005 OD (optic density at 
260 nm), where 1 OD = 20 Mg/ml), 8 \A of 35 S-dATP 
(1,000 mCi/ml), 2.5 |il of transferase (TdT; International 
Biotechnologies, Inc.), and water to a final volume of 25 
111. It was incubated at 37°C for 1.5 hr. The labeled probe 
was purified through a NENSORB-20 column (DuPont- 
NEN Products NLP-022) and equilibrated with 3 ml of 
0.1 M Tris-HCl (pH 8.0). The probe was eluted with 0.5 
ml of 20% RNase-free EtOH. Two or three drops were 
collected in 1 .5-ml tubes until the column was dry. The 
hybridization solution used consisted of 0.9 \A of stem 
cocktail (5 ml of formamide, 2 ml of 20 X standard saline 
citrate [SSC], 0.1 ml of 100X Denhardt's solution, and 
0.5 ml of 20% sarcosyl [Sigma, St. Louis, MO]), 1.0 ml 
of 0.2 M phosphate buffer (pH7.0), 1.0 g of dextran 
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sulfate, 5.5 *il of yeast transfer RNA (ytRNA) (50 Mg/^1), 
50 ^1 of salmon sperm DNA (10 jig/fil), 33 fil of labeled 
probe, and water to adjust for 10 6 cpm per section (100 jml 
volume). Additionally, just before use, dithiothreitol was 
added to 60 mM. The tissue slides were incubated 
overnight at 42°C. washed in I X SSC at 56°C, dehy- 
drated with graded ethanols (60%, 95%, and 99%), and 
left to air dry. Then, the slides were dipped in film 
emulsion (Kodak NTB-2) and incubated for 6 weeks 
before being developed, counterstained, and mounted. 

Bioassays 

Two forms of OP-1 were tested: a soluble form (lot 
28-003; Creative Biomolecules, Inc., Hopkinton, MA) 
and a mature form. We also tested the buffer of the soluble 
form (25 mM arginine, 150 mM NaCl, pH 9, 0. 1% Tween 
80). GDNF was from PeproTech (Rocky Hill, NJ), and 
NT-3 and recombinant human activin A were from 
Austral Biologicals (San Ramon, CA). Mouse ^-NGF 
was prepared according to established routines (Ebendal 
et al., 1984). In some experiments, we also tested 
hepatocyte growth factor (HGF; Sigma) and stem cell 
factor (SCF; Calbiochem, La Jolla, CA). 

A series of peripheral ganglia were dissected from 
E9 chickens (Ebendal, 1989). Sympathetic ganglia were 
taken from the lumbar region, the ciliary ganglion from 
the orbit, dorsal root ganglia from the lumbosacral region, 
and the nodose ganglion from the vagus nerve cranial to 
the heart. The ganglia were kept intact and placed in a 
collagen matrix (Ebendal, 1989). For other assays, the 
ganglia were dissociated into single neurons and spread 
in a thin collagen gel at a density of 2,000 neurons/cm 2 
(Ebendal, 1987, 1989, Ebendal et al., 1995). In both 
instances, the gels were supplemented with equal vol- 
umes of Eagle's Basal Medium with 1% fetal calf serum. 
Control cultures consisted of this medium, sometimes 
supplemented with the OP- 1 buffer at appropriate concen- 
trations to match the OP-1 dilution. Cultures also re- 
ceived OP-1, NT-3, GDNF, or NGF alone or in combina- 
tions at a series of concentrations. Cultures were incubated 
at 37°C with 5% C0 2 and examined in an inverted 
microscope after 2, 4, and 6 days. The 6-day cultures 
were fed with fresh medium and growth factors at day 4 
of incubation. Whole ganglia were examined under 
dark-field illumination, whereas dissociated neurons were 
observed using phase-contrast optics. Surviving cells 
were counted in a strip across the plate to calculate 
survival relative to the number of seeded neurons. 

RESULTS 

BMPR-II Expression in Chicken Ganglionic Neurons 

Analysis of sequences derived from the PCR of 
cDNA prepared from E9 chicken sympathetic ganglia 



indicated a high BMPR-II expression. Indeed, in situ 
hybridization using an oligonucleotide probe for chicken 
BMPR-II revealed that BMPR-II is highly expressed in 
nervous tissues of the embryo. At E4, labeling was 
present over the neuroepithelium of the neural tube and 
the forming dorsal root ganglia. At E9, labeling was also 
strong over the paravertebral sympathetic ganglia (Fig. 
I A,B). 

In contrast, we have previously shown no obvious 
labeling of this ganglion forTrkC, the NT-3 receptor (Fig. 
1C) (Backstrom et al., 1997). However, NT-3 has been 
reported to exert effects upon binding to TrkA (Davies et 
al., 1995; Fagan et al., 1996; Belliveau et al., 1997), 
which is highly expressed in the E9 sympathetic ganglia 
(Fig. ID; Backstrom et al., 1996). Furthermore, mRNA 
encoding Ret, the GDNF receptor (Trupp et al., 1996), is 
expressed at low-to-modest levels in the E9 sympathetic 
ganglion (data not shown). 

We also examined the expression of kinase recep- 
tors in neuronal populations of the dorsal root ganglion. 
One interesting finding is that the BMPR-II was evenly 
distributed throughout neurons in the ganglion (Fig. IE). 
The mRNA for activin receptor type II (ActR-II) also 
shows labeling throughout the entire ganglion. TrkC is 
distinctly expressed by large ventrolateral neurons (Wil- 
liams and Ebendal, 1995; Backstrom et al., 1997); 
neurons expressing TrkA mainly occupy a dorsomedial 
position (Backstrom et al., 1996). Ret mRNA is localized 
to neurons mainly positioned as a band across the lower 
one-third of the ganglion. The early expression of Ret 
mRNA is localized to chicken sympathetic, dorsal root, 
and trigeminal ganglia and to spinal cord motor neurons 
(Nakamura et al., 1996). Furthermore, we found distinct 
BMPR-EI expression in neurons of the E9 trigeminal 
ganglion (Fig. IF). Modest BMPR-II expression was also 
found in the neurons of the nodose ganglion. Stronger 
labeling of the BMPR-II transcript were found in the E9 
ciliary ganglion (not shown). The expression was already 
distinct at E6. Many neurons in the ciliary ganglion, 
examined at E9, also expressed Ret. 

Neurotrophic Activities Potentiated by OP-1 in 
Sensory and Autonomic Ganglia 

Given the fact that the mRNA for BMPR-II is 
distinctly expressed in sympathetic and sensory ganglia, 
we. wanted to test whether one of its reported ligands, 
OP-1 (Liu et al., 1995; Rosenzweig et al., 1995), had 
biological effects on neurons from these tissues. To test 
for survival effects of the factor, we cultured dissociated 
sympathetic neurons in the presence or absence of the 
trophic factors alone and in combination with OP-1 
(Fig. 2). Figure 3 shows ,the results of neuron survival 
after 2 and 6 days of culture. The survival induced by 
OP- 1 (50 ng/ml) after 6 days of culture was only slightly 
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Fig 1. A: Cross section of an E9 chicken showing labeling of 
mRNA for BMPR-H in the spinal cord (SC), dorsal root 
ganglia, and sympathetic ganglia (examined by using dark-field 
illumination). Some mesenchymal tissue is also labeled. Scale 
bar = 0.5 mm. B: Dense BMPR-H labeling in E9 sympathetic 
ganglion. C: No expression of TrkC mRNA was found in the 
sympathetic ganglion. D: As in B, but a with a probe giving 
positive labeling for TrkA. E: BMPR-H expression in the dorsal 
root ganglion of E9 chicken. Labeling is present in neurons 
throughout the ganglion, but the strongest signal is found large 
ventrolateral (VL) neurons. Neurons expressing TrkA mainly 
occupy a dorsomedial (DM) position. F: Distinct expression of 
BMPR-H mRNA in neurons of the E9 chicken trigeminal 
ganglion. Asterisk (*) indicates the sympathetic ganglion 
(A-D). Scale bar = 0.5 mm (A); scale bar = 0. 1 mm (B-F). 



(but nevertheless significantly) higher than survival in 
control medium (see Fig. 3). About 40% of cultured 
neurons exposed to NT-3 at 10 ng/ml (Fig. 2C) were 
rescued after 2 days (Fig. 3 A), whereas 100% of those 
exposed to NGF survived after 2 days. The NT-3 effect 
did not persist at day 6 of culture (Fig. 3B). Interestingly, 
the combination of OP-1 and NT-3 improved neuron 
survival significantly (Fig. 2C), rescuing 75% of the 
neurons after 2 days of culture and 50% after 6 days (Fig. 
3). The survival effect of the combination of OP-1 and 
NT-3 was as good as that of NGF after 6 days of culture 
(Figs. 2D, 3B). Also, the combination OP-1 and GDNF 
(both 50 ng/ml) gave significantly higher survival rates 
among sympathetic neurons after 2 and 6 days than either 
factor alone (Fig. 3). Similar findings were obtained 
when the neurons were allowed to grow on laminin 
substrates (not shown) rather than in collagen gels. 

To test OP- 1 stimulation of neurite outgrowth, we 
also used a whole-ganglia explants bioassay (Ebendal, 
1989). Stimulation of E9 chicken sympathetic ganglia 
was poor for OP-1, tested at the range of 0.1 to 1,000 
ng/ml (data not shown). Moreover, OP-1 failed to stimu- 



late the fiber formation in sympathetic ganglia whfen 
tested at younger ages (E4.5). NT-3 stimulated only 
limited fiber outgrowth from the explanted sympathetic 
ganglia (Fig. 4A; Ernfors et al., 1990). However, the 
combination of OP- 1 and NT-3 caused the E9 ganglion to 
form a dense halo of outgrowing neurites in culture (Fig. 
4B), suggesting a synergistic effect. The effects were 
obvious after 2 days in culture and persisted beyond 4 
days of incubation. Adding only 2 ng/ml of NT-3 with 50 
ng/ml of OP-1 resulted in slightly less dense fiber 
outgrowth. 

We tested other peripheral ganglia in similar assays. 
Effects of OP-1 similar to those observed in sympathetic 
neurons were noted in explanted dorsal root ganglia (data 
not shown), where NT-3 alone (10 ng/ml) seemingly had 
a better effect on outgrowing neurites than OP-i (50 
ng/ml). The potentiating effect of these two factors in 
combination is striking after 2 days in culture. Similar but 
less prominent effects were obtained with OP-1 and 
GDNF together (both 50 ng/ml). Ciliary ganglia did not 
extend neurites in the presence of only OP-1 (Fig. 4C). 
However, as reported previously, NT-3 (Ernfors et al., 
1990) or GDNF (Fig. 4D) (Ebendal et al., 1995) initiated 
only limited nerve fiber outgrowth. In contrast, NT-3 and 
OP-1 in combination stimulated the formation of robust 
fiber halos consisting of thick neurite fascicles from the 
E9 ciliary ganglia (data not shown). Lowering the NT-3 
concentration to 2 ng/ml and adding 50 ng/ml OP-1 
reduced the fiber outgrowth but still resulted in a distinct 
fiber halo surrounding the ganglion. Notably, GDNF and 
OP-1 together gave a dense fiber halo of ciliary nerve 
fascicles after 2 days of culture (Fig. 4E). In contrast, 
NGF and OP-1 together did not stimulate any fiber 
outgrowth in the ciliary ganglia. 

We also studied the effects of the combined trophic 
factors on the nodose ganglion. OP-1 alone did not evoke 
any fiber outgrowth. Although NT-3 normally stimulates 
fiber formation in this ganglion (Ernfors et al., 1990), 
OP-1 further enhanced neurite outgrowth after 2 and 4 
days of incubation. This effect was confirmed by repeated 
blind tests involving independent observers (data not 
shown). Finally, we tested survival effects on dissociated 
ciliar neurons. OP-1 significantly potentiated survival 
among neurons responding to GDNF (Fig. 5); this finding 
is in agreement with the co-expression of BMPR-II and 
Ret in the neurons of this ganglion. 

The stimulatory action by OP-1 on NT-3-induced 
neuron survival was not mimicked by activin A (tested 
from 1 to 1,000 ng/ml), nor did we find that activin A or 
TGF-01 alone stimulated survival or fiber outgrowth in 
any of the ganglia tested (Ebendal et al., 1995). If 
anything, activin A seemed to inhibit rather than potenti- 
ate the weak NT-3-stimulated fiber outgrowth in sympa- 
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Fig 2. Phase-contrast micrographs show the survival of sympa- 
thetic neurons after 6 days in a collagen gel culture. A: With 
OP-1 (50 ng/ml), a few neurons extending neurites can be seen. 
B: More neurons survive in the presence of NT-3 at 10 ng/mi 

thetic ganglia (data not shown). Moreover, the OP-1 
buffer (pH 9) failed to exert any potentiating effect on the 
NT-3 responses in sympathetic, ciliary, or nodose ganglia. 
OP-1 did not result in fiber outgrowth (data not shown) 
when tested on E9 ganglia with HGF or SCF, acting on 
the tyrosine kinase receptors Met and Kit, respectively 
(Hirata et al., 1995; Wong et al., 1997). 

Trk and Ret Expression Not Upregulated in Response 
to OP-1 

To rule out the possibility that OP-1 merely upregu- 
lates the expression of Trk and Ret receptors, we used 
quantitative in situ hybridization to study cultured gan- 
glia. Ganglia were grown in presence of either NT-3 alone 
or NT-3 and OP-1 together, and then TrkA and TrkC 
expression was examined in X-ray films by densitometry 
(Soderstrom et al., 1996). For examination of Ret, ciliary 
ganglia were grown with GDNF alone or with GDNF and 
OP-1 together. We found no significant upregulation of 
TrkA, TrkC, or Ret under these conditions as determined 
by the Mann-Whitney U-test (data not shown). 

DISCUSSION 

The present results demonstrate that specific combi- 
nations of growth factors can distinctly potentiate neuro- 
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C: Numerous neurons surviving in the presence of OP-1 and 
NT-3 (50 and 10 ng/ml, respectively). The neurons develop long 
neurites. D: Sympathetic neuron survival and neurite formation in 
the presence of NGF (5 ng/ml). Scale bar = 0.5 mm 

trophic effects in subsets of neurons. We found strong 
stimulation by OP-1 on neurons responding to NT-3 and 
GDNF, in terms of both survival and nerve fiber out- 
growth. OP-1 signals via serine/threonine kinase recep- 
tors (Liu et al, 1995; Rosenzweig et al., 1995). We show 
that one such receptor, BMPR-II, was expressed by the 
neurons used in our assays. In contrast, both NT-3 and 
GDNF are known to activate tyrosine kinase receptors 
(Lewin and Barde, 1996; Trupp et al., 1996). The 
observations imply that dual signaling via tyrosine and 
serine/threonine kinase receptors potentiates neuro- 
trophic effects. Such an interplay may well occur during 
normal development of the nervous system and later 
contribute to neuroplasticity. 

The effects exerted by OP-1 were not mimicked by 
activin A, even though the ganglionic neurons expressed 
the ActR-II receptor. We believe that ActR-II is less likely 
to be involved in the potentiating effects, despite the fact 
that OP- 1 at high concentrations has been shown to 
activate this receptor (Yamashita et al., 1995). 

NT-3 Probably Acts on Sympathetic Neuron TrkA 
Receptors 

It is perhaps unexpected that NT-3, but not NGF, 
has the ability to synergize with OP- 1 to enhance the 
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Fig 3. Survival of dissociated sympathetic neurons grown in 
collagen gels. A: Survival after 2 days in vitro (i.v.). NGF (5 
ng/ml) rescues 100% of the neurons seeded at 2,000 cells/cm 2 
(Ebendal et al., 1995). Low survival rates were seen in the 
presence of control medium or OP- 1 only (50 ng/ml); differ- 
ences between these groups were not statistically significant. 
NT- 3 (2 ng/ml) enhanced survival above background, as did 
GDNF (50 ng/ml; Ebendal et al., 1995). In both instances, the 
effects were markedly enhanced when OP-1 was also present 
< 0.01 and *P < 0.05, respectively; Mann-Whitney 
U-test). B: Survival after 6 days of culture. OP-1 has a slight 
survival effect (*P < 0.05) above plain medium (with 1% fetal 
calf serum present in both instances). OP-i with NT-3 and 
GDNF potentiated survival even more marked than after 2 days 
(***/> < 0.001 for both groups). Data are based on 6-10 
independent cultures per bar. Bars indicate SEM. 



survival and neurite outgrowth of sympathetic neurons. 
NGF rescues 100% of the sympathetic neurons grown in 
culture (Ebendal et al., 1995), an effect which is likely to 
be mediated by the TrkA receptor (Ip et al., 1993; Wyatt et 
al., 1997) expressed by these neurons (Backstrom et al., 
1996). In our studies, OP-1 did not act synergistically 



with NGF, even when NGF was added at low concentra- 
tions, resulting in low levels of sympathetic neuron 
survival and neurite outgrowth (comparable to levels 
observed when 10 ng/ml NT-3 was added to the cultures; 
Ernfors et al., 1990). Thus, NT-3 does not act as a 
suboptimal NGF when potentiating the effects of OP- 1 . 

The expression of TrkC mRNA is very low in E9 
chicken sympathetic neurons (Hallbook et al., 1995; 
Backstrom et al., 1997), but TrkA mRNA is highly 
expressed (Hallbook et al., 1995; Backstrom et al., 1996). 
Neuronal survival evoked by NT-3 might be mediated by 
the TrkA receptor, as suggested by Ip et al. (1993). NGF 
dependence during the development of the postmitotic 
sympathetic neurons that express TrkA has been sug- 
gested on the basis of culture experiments (Birren et al., 
1993; DiCicco-Bloom et al., 1993). Such a model is 
partially supported by analyses of the number of sympa- 
thetic neurons surviving in the superior cervical ganglion 
(SCG) of mice bearing null mutations in the TrkA or TrkC 
genes (Fagan et al., 1996). This study showed that 
ehrnination of TrkC did not reduce the number of 
sympathetic neurons, in contrast to studies of NT-3 
deficient mice that showed a 50% reduction in the number 
of sympathetic neurons in the SCG (Ernfors et al., 1994; 
Farinas et al., 1994). Moreover, Fagan et al. (1996) 
demonstrated an absolute requirement for the TrkA 
receptor in perinatal development of sympathetic neu- 
rons. 

Again, the combined results of these studies indi- 
cate that TrkA in vivo may serve as a receptor for both 
NGF and NT-3 (Fagan et al., 1996), as shown in cellular 
contexts in vitro (Ip et al., 1993). Direct evidence for 
NT-3 signaling via TrkA was obtained by Davies et al. 
(1995), who studied survival responses by NT-3 (at 
concentrations of 100-1,000 ng/ml) in cultures of sympa- 
thetic neurons obtained from mouse embryos homozy- 
gous for a TrkC null mutation. Wyatt et al. (1997) also 
showed that mouse SCG neurons depend on NT-3 only at 
a late stage of the embryonic period and that catalytic 
TrkC is not expressed. 

. A recent study (Belliveau et al., 1997) lends addi- 
tional support to the idea that NT-3 acts on TrkA to 
enhance survival and neurite formation in sympathetic 
neurons. The data indicated that NGF and NT-3 may 
evoke differential responses by the shared TrkA receptor. 
Consequently, the potentiating effects evoked by OP- 1 
and NT-3 in sympathetic neurons are likely to involve the 
combined activation of BMPR-II and TrkA receptors. 

Synergistic Action With NT-3 and GDNF in 
Restricted Neuron Populations 

Our data show that OP-1 has a powerful ability to 
enhance some of the neurotrophic effects of NT-3 and 
GDNF. OP-1 alone has limited capacity to act as a 
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Fig 4. Nerve fiber outgrowth from explained sympathetic and 
ciliary E9 ganglia were examined by using dark-field illumina- 
tion. A: Fiber outgrowth of a sympathetic ganglion in the 
presence of NT- 3 (10 ng/ml). A few fiber fascicles grew from 
the ganglion in response to NT-3. B: Sympathetic ganglion 
explant grown in the presence of OP-1 (50 ng/ml) and NT-3 (10 
ng/ml). A dense fiber halo penetrating the collagen matrix 



surrounding the ganglion has formed. C: The ciliary ganglion 
shows no response to OP-1 (50 ng/ml). D: The ciliary ganglion 
cultured with GDNF (50 ng/ml) responded with distinct fiber 
outgrowth. E: GDNF (50 ng/ml) and OP-1 (50 ng/ml) resulted 
in a dense halo of outgrowing neurites. All ganglia were 
incubated for 2 days. Scale bar = 0.3 mm. 
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Fig 5. Survival effects of OP-1 on dissociated ciliary neurons. 
E9 chicken ciliary ganglia were dissociated and the neurons 
explanted in collagen gels. Surviving neurons were counted 
under the phase-contrast microscope after 2 days of culture. As 
shown previously, an extract of the choroid* coat of the El 8 
chicken embryo rescued 100% of the seeded neurons (Ebendal, 
1987). OP-1 did not stimulate survival, and NT-3 had only a 
marginal effect (not statistically significant). GDNF at 50 ng/ml 
rescued neurons significantly (**P < 0.01) above control levels 
(Ebendal et al., 1995). However, OP-1 and GDNF together 
potentiated survival and rescued more than one-half of the 
seeded ciliary neurons (***/> < 0.001; Mann- Whitney U-test). 
Data are based on 6-9 cultures per bar. Bars indicate SEM. 

neurotrophic factor for the tested peripheral neurons. This 
limitation may not be valid for all populations of neurons, 
because OP- 1 exerts a strong neuritogenic effect on 
explants of the embryonic retina without additions of 
other exogenous trophic factors (Carri et al., 1998). The 



synergistic activity of OP- 1 is limited to cooperation with 
the two neurotrophic factors NT-3 and GDNF and is not 
seen with a number of other related molecules tested in 
the peripheral neuronal cultures. The effects of combining 
OP-i with either NT-3 or GDNF are 3.2- to 4.4-fold 
higher than the combined effects of each factor tested 
alone, measured as sympathetic neuron survival after 6 
days in culture (Fig. 3B). In the 2-day ciliary neuron 
cultures, the potentiating effect of OP- 1 on GDNF-evoked 
survival was increased 2.6-fold (Fig. 5). 

Synergistic effects by . neurotrophic factors have 
indeed been demonstrated previously. In general, the 
effects have been more limited than those seen in the 
present study. CNTF has been shown to synergize with 
HGF by activating tyrosine kinase receptor Met to 
promote survival and cholinergic differentiation in cul- 
tured motor neurons (Wong et al., 1997). Combining 
these two-factors resulted in an increase 30% higher that 
expected from merely adding the effects of each factor 
alone. Furthermore, SCF, acting on tyrosine kinase recep- 
tor Kit, acts synergistically with NGF at submaximal 
concentrations to support the survival of a subpopulation 
of Kit-positive sensory neurons from the mouse dorsal 
root ganglion (Hirata et al., 1995). The potentiation was, 
at best, in the range of 50% higher than the sum of the 
effects of each factor alone. In contrast, we found that 
OP-1 in combination with either HGF or SCF did not 
stimulate ganglia under our experimental conditions (data 
not shown). 

Krieglstein and Unsicker (1996) reported that TGF- 
(33, activating a serine/threonine kinase, has no survival 
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effects on dissociated E8 chicken dorsal root ganglion 
neurons. However, TGF-03 combined with either NT-3 
or NT-4 increased neuronal survival 15-27% over the 
additive effects. In contrast, TGF-03 did not act with 
NGF to raise survival above the level evoked by NGF 
alone. 

In addition, GDF-5 (another member of the TGF-0 
superfamily), administered with NT-3, enhances the sur- 
vival of chicken dorsal root ganglion neurons 30% 
(Farkas et al., 1997). 

Separate Signaling Pathways Converge to Potentiate 
Neurotrophic Effects 

In mammalian cells, BMPR-II binds OP-1 and 
forms heterooligomeric complexes (ten Dijke et al., 1994, 
1996) with several type I receptors (activin receptor type I 
[ActR-I], BMP receptor type IB [BMPR-IB], or, with less 
efficiency, BMP receptor type IA [BMPR-IA]). Previ- 
ously, we demonstrated that sympathetic and dorsal root 
ganglia of the rat embryo express ActR-I (Soderstrom et 
al., 1996) but only extremely low levels, if any, of 
BMPR-IA and BMPR-IB. By homology, we regard it 
likely that ActR-I is the transducing partner for OP-1/ 
BMPR-II in the chicken ganglia studied in the present 
study. Thus, one obvious signaling pathway for the OP-1 
stimulation is serine/threonine kinase receptor phosphor- 
ylation of downstream substrates. The other pathway 
implied in our findings is by NT-3 or GDNF activation of 
tyrosine kinase receptors. 

Where — and if — these two pathways meet to exert 
their potentiating neurotrophic action is not known. 
Shared downstream substrata for phosphorylation and the 
level of cross-talk between the two pathways remain to be 
studied. Kretzschmar et al. (1997) showed that BMP and 
epidermal growth factor signaling converge on Smad-1. 
In this case, the serine/threonine and tyrosine kinase 
receptor pathways resulted in differential phosphoryla- 
tion of separate residues in the Smad protein, leading to 
opposing functions. It is conceivable that analogous 
mechanisms account for the potentiating (rather than 
opposing) effects by dual signaling observed in the 
present study. 

The present findings may suggest the use of OP- 1 in 
situations where nerve cells are severed or degenerating 
as a result of disease, especially if additional neurotrophic 
factors can be expected to be produced locally or 
administered with OP-1. We have demonstrated specific 
potentiating mechanisms in distinct subsets of peripheral 
neurons. However, it is likely that similar mechanisms 
can be found in populations of neurons in the central 
nervous system. Notably, dopaminergic neurons in sub- 
stantia nigra express both Ret and BMPR-U receptors 
(Soderstrom et al., 1996; Trupp et al., 1996). Another 
possibility is to use the new knowledge to target the 



possibly converging pathways in a dual-signaling system 
that involves serine/threonine and tyrosine kinase recep- 
tors activated by OP- 1, NT-3, and GDNF. Thus, down- 
stream entities in the neuronal tyrosine and serine/ 
threonine kinase receptor cascades will be stimulated 
directly to produce effects similar to those elicited by the 
extracellular administration of factors that activate these 
pathways. 
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ABSTRACT We have used a pool of degenerate oligonu- 
cleotides representing all possible codons in regions of homol- 
ogy between brain-derived neurotrophic factor (BDNF) and 
nerve growth factor (NGF) to prime rat hippocampal cDNAs in 
the polymerase chain reaction. The amplified DNA included a 
product with significant similarity to NGF and BDNF, which 
was used to isolate a 1020-nucleotide-long cDNA from a rat 
hippocampal library. From the nucleotide sequence, a 282- 
amino-acid-long protein with ~45% amino acid similarity to 
both pig BDNF and rat NGF was deduced. In the adult brain, 
the mRNA for this protein was predominantly expressed in 
hippocampus, where it was confined to a subset of pyramidal 
and granular neurons. The developmental expression in brain 
showed a clear peak shortly after birth, 1 and 2 weeks earlier 
than maximal expression of BDNF and NGF, respectively. It 
was also expressed in several peripheral tissues with the highest 
level in kidney. The protein, transiently expressed in COS cells, 
was tested on chicken embryonic neurons and readily stimu- 
lated fiber outgrowth from explanted Remak's ganglion and, to 
a lesser extent, the nodose ganglion. A weak, but consistent, 
fiber outgrowth response was also seen in the ciliary ganglion 
and in paravertebral sympathetic ganglia. Moreover, the pro- 
tein displaced binding of NGF to its receptor, suggesting that 
it can interact with the NGF receptor. Thus, this factor, 
although structurally and functionally related to NGF and 
BDNF, has unique biological activities and represents a mem- 
ber of a family of neurotrophic factors that may cooperate to 
support the development and maintenance of the vertebrate 
nervous system. 

During development of the vertebrate nervous system, a vast 
overproduction of neurons is compensated for by naturally 
occurring neuronal death, which is regulated by their targets 
(1). Within the targets, specific proteins, referred to as 
neurotrophic factors, are produced in limiting amounts and 
the release of these proteins is believed to regulate both the 
timing and the extent of innervation (2). 

In the peripheral nervous system, the most well-charac- 
terized neurotrophic factor, nerve growth factor (NGF), 
supports the development of sympathetic and neural crest- 
derived sensory neurons, and in the adult the maintenance of 
the sympathetic nervous system is critically dependent on 
NGF (3, 4). In agreement with a trophic role of NGF for adult 
sympathetic neurons, the levels of both NGF mRNA and 
protein correlate with the density of sympathetic innervation 
(5, 6). NGF mRNA and protein have also been found in the 
brain, with the highest levels in hippocampus and cerebral 
cortex, to which the major cholinergic pathways in the brain 
project (7-10). Basal forebrain cholinergic neurons can be 
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prevented from dying after axonal transection by addition of 
NGF (11-15) and they respond to NGF in vivo by a marked 
increase in fiber outgrowth (16). 

In addition to NGF, one other protein, termed brain- 
derived neurotrophic factor (BDNF), has been shown to be 
present in low amounts (17), secreted from cells (18), and to 
support survival of embryonic sensory neurons in vivo (19). 
In common with NGF, BDNF supports the survival of neural 
crest-derived embryonic sensory neurons in vitro, but 
nonoverlapping trophic activities are suggested by the finding 
that BDNF also supports placode-derived neurons from the 
nodose ganglia and retinal ganglion cells (20, 21), which are 
less sensitive to NGF (22, 23). Regulation of neuronal sur- 
vival in vivo in the brain by BDNF has not yet been 
demonstrated, although its sites of synthesis have recently 
been mapped by in situ hybridization where a high level of 
labeling was found in hippocampal neurons (24). 

NGF is synthesized as a preproprotein and the structure of 
both the precursor and the mature protein has been deduced 
from cDNA and genomic clones (25, 26). More recently, a 
genomic clone has been isolated for porcine BDNF (18). Of 
considerable interest is the finding that the mature BDNF and 
NGF proteins show striking amino acid similarities, suggest- 
ing that they are structurally related and may be members of 
a family of neurotrophic factors (18). 

In this study, we report on the cloning and expression of an 
additional member of the NGF family .H Due to its restricted 
expression in the brain, being mostly confined to a subset of 
pyramidal and granular neurons in the hippocampus, we have 
named this protein hippocampus-derived neurotrophic factor 
(HDNF). 

MATERIALS AND METHODS 
RNA Preparation, Molecular Cloning, and DNA Sequenc- 
ing. Polyadenyiylated RNA [poly(A) + ] was prepared as de- 
scribed (27). For cloning, rat hippocampus poly(A) + RNA (5 
fig) was used as a template for synthesis of single-stranded 
cDNA using Moloney murine leukemia virus reverse tran- 
scriptase (Pharmacia). Six separate mixtures of 28-mer oli- 
gonucleotides representing all possible codons correspond- 
ing to the amino acid sequence KQYFYET (5 '-oligonucleo- 
tide) and WRFIRID (3 '-oligonucleotide) were synthesized on 
an Applied Biosystems A381 DNA synthesizer. The 5 - 
oligonucleotide contained a synthetic EcoRl site and the 
3 '-oligonucleotide contained a synthetic Hindlll site. Each 
mixture of oligonucleotides was then used to prime the 
amplification of hippocampal cDNA (25 ng) by the polymer- 
Abbreviations: NGF, nerve growth factor; BDNF, brain-derived 
neurotrophic factor; H DN F, hippocampus-derived neurotrophic tac- 
tor; PCR, polymerase chain reaction. 
§To whom reprint requests should be addressed. 
^The sequence reported in this paper has been deposited in me 
GenBank data base (accession no. M34643). 
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ase chain reaction (PCR) (Gene Amp, Perkin-Elmer/Cetus). 
PGR products of the expected size [182 base pairs (bp) 
including primer and restriction site] were isolated on an 
agarose gel and cloned in plasmid Bluescript KS + (Strata- 
gene) followed by nucleotide sequence analysis by the 
dideoxy nucleotide chain-termination method (28). The insert 
from one clone showing ~60% nucleotide sequence similarity 
to both rat NGF and pig BDNF was then used to screen a 
cDNA library in AgtlO from rat hippocampus constructed 
with a cDNA synthesis kit (Pharmacia). Screening of 1.2 x 
10 6 independent cDNA clones from the primary library (29) 
yielded seven positive clones. One clone with a 1020-bp-long 
insert was_ sequenced in its entirety on both strands by the 
chain-termination method. 

RNA Blot Analysis. Poly(A) + RNA (20 fig) was electro- 
phoresed in a 1% agarose gel containing 0.7% formaldehyde 
and was transferred to a nitrocellulose filter. The filter was 
hybridized to a 355-bp fragment from the 3' end of HDNF 
mRNA (nucleotides 665-1020 in Fig. 1), isolated by PCR 
using one specific primer together with an oligo(dT) primer as 
described by Frohman et ai (30). The fragment was labeled 
with [«- 32 P]dCTP by nick-translation to a specific activity of 
~5 x 10 8 cpm/fig. Hybridization was carried out as de- 
scribed (27) followed by washing at high stringency and 
exposure to Kodak XAR-5 films. The same filters were boiled 
for 5 min in 1% glycerol, followed by hybridization first to a 
185-bp PCR fragment from rat BDNF corresponding to amino 
acids 183-239 of pig BDNF (18), then to a 770-bp BstE2/Pst 
I fragment from the 3' exon of rat NGF (31), and finally to a 
1.5-kilobase (kb) Pst I fragment from a mouse a-actin cDNA 

(32) . Appropriate exposures of all autoradiograms were quan- 
tified with a Shimadzu CS-9000 densitometer. 

In Situ Hybridization. Cryostat sections (14 fim) from 
fresh-frozen adult Sprague-Dawley rat brain were processed 
and used for in situ hybridization with deoxyadenosine 
[a-[ 35 S]thio]triphosphate 3 '-end-labeled probes as described 

(33) . To detect HDNF-specific mRNA, a 50-mer oligonucle- 
otide complementary to nucleotides 667-717 in Fig. 1 was 
used. For BDNF-specific mRNA, a 50-mer oligonucleotide 
complementary to rat BDNF mRNA, corresponding to nu- 
cleotides 748-798 in pig BDNF (18), was used. 

Expression of HDNF Protein, Assays of Biological Activities, 
and Binding to the NGF Receptor. The 1020-bp HDNF cDN A 
insert in AgtlO was amplified by PCR using AgtlO sequencing 
primer and reverse primer (Clontech). The amplified DNA 
was treated with T4 polynucleotide kinase and 10-mer Xho I 
linkers were ligated, followed by cloning of the fragment into 
the Xho I site of pXM (34). COS cells grown to ~70% 
confluence were transfected with 20 /xg of the indicated 
plasmid construct per 10-cm dish by the DEAE dextran- 
chloroquine method (35). A plasmid expressing the /3- 
galactosidase gene (pCHHO, Pharmacia) was transfected in 
parallel and /3-galactosidase activity was measured in cyto- 
plasmic extracts as a control of transfection efficiency. The 
conditioned medium from transfected cells (36) was then 
collected and assayed for stimulation of neurite outgrowth 
from embryonic chicken ganglia as described (37). Condi- 
tioned medium from transfected cells was tested for binding 
to the NGF receptor on PC12 cells as described (36). 

RESULTS 

Molecular Cloning and Structure of HDNF. A 1020-bp 
cDNA clone was isolated. Nucleotide sequence analysis of 
this clone showed an open reading frame encoding a 282- 
amino-acid-long protein (Fig. 1). The C-terminaf part of this 
protein contained a potential cleavage site for a 119-amino 
acid protein with 57% amino acid similarity to both rat mature 
NGF and pig mature BDNF. Included in this similarity were 
all six cysteine residues, involved in formation of disulfide 
bridges, and an overall identity to NGF and BDNF of 68 and 



1 VDVPGNSHTDAMVTSATILQ 2( 

1 GTCGACGTCCCTGGAAATAGTCATACGGATGCCATGGTTACTTCTGCCACGATCTTACAG 6< 
I * 

21 IVNKVMSILFYVIFLAYLRGI 4( 

61 I GTGAACAAGGTGATCTXrCATCTTCTT^ 12( 

41 QGNNMDQRSLPEDSLNSLII 6< 
121 CAAGGCAACAACATGGATCAAAGGAGTTTGCCAGAAGAC^ 16< 

61 KLIQADILKNKLSKQMVDVK 8l 
181 AAGTTGATCCAOXGGATATCTTGAAAAACAA 2 4) 

81 ENYQSTLPKAEAPREPEQGE 10l 
241 GAAAATTACCAGAGCACCCTGCCCAAAGCAGAGGCACCCAGAGAACCAGAGCAGGGAGAG 30* 

101 ATRSEFQPMIATDTELLRQQ 12' 
301 GCCACCAGGTCAGAATTCCAGCCGATGATTGCAACAGACACAGAACTACTACGGCAACAG 3 6 < 

121 RRYNSPRVLLSDSTPLEPP P 14 
361 AGACGCTACAATTCACCCCGGGTCCTGCTGAGTGACAGCACCCCTTTGGAGCCCCCTCCC 4 2 < 

141 LYLMEDYVGNPVVT H R T S PR 16 
421 ■TTATATO'AATGGAAGATTATGTGGGCAACCCGGTGGTAACCAATAGAACATCACCACGG 4 8' 

161 RKR^YAEHKSHRGEYSVCDS E 18 
481 AGGAAACGCTATGCAGAGCATAAGAGTCACCGAGGAGAGTACTCAGTGTGTGACAGTGAG 54 

181 SLWVTDKSSAIDIRGHQVTV 20 
541 AGCCTGTGGGTGACCGACAAGTCCTCAGCCATTGACATTCGGGGACACCAGGTTACAGTG 60 

201 LGEI KTGNSPVKQYFYETRC 22 
601 TTGGGAGAGATCAAAACCGGCAACTCTCCTGTGAAACAATATTm 6 6 

221 KEARPVKNGCRGIDDKHWNS 2A 
661 AAAGAAGCCAGGCCAGTCAAAAACGGTIW^GGGGGATTGATGACAAACACTGGAACTCT 7 2 

241 QCKTSQTYVRALTSENNKLV 2€ 
7 21 CAGTGCAAAAC GTCGCAAACCTAC GTCCGAGCACTGACTTCAGAAAACAACAAACTCGTA 7 8 

261 GWRWIRIDTSCVCALSRKIG 2t 
781 GGCTGGCGCTGGATACGAATAGACACTTCCTGTGTGTGTGCCTTGTCAAGAAAAATCGGA 8 4 

281 R T End 2f 
841 AGAACATGAATTGGCATCTGTCCCCACATATAAATTATTACTTTAAATTATATGATATGC 9 0 

901 ATGTAGCATATAAATGTTT ATATTGTT TTTATATATTATAAGTTGACCTTTATTTATTAA 9 6 
961 ACTTCAGCAACCCTTACAGT MATA^ CTTTTTTCATA^ 102 

Fig. 1. Nucleotide sequence and deduced amino acid sequent 
of rat HDNF. Arrow indicates the presumptive start of matui 
HDNF. A consensus sequence for N-glycosylation is underlined, 
consensus sequence for polyadenylylation is shown in the box, ar 
the stretches of adenosine at the end of the sequence show tl 
poly(A) tail. Vertical bar shows an exon/intron boundary present 
the rat NGF gene (31). Stars indicate potential translation start site 

67 residues, respectively, was seen. The prepro part of tr 
protein showed weak, but significant, homology to NGF. 
potential N-glycosylation site located nine amino acids fro 
the start of the mature protein was also conserved betwee 
the three proteins. 

Expression of HDNF mRNA in Peripheral Tissues. A 1.34 
HDNF-specific ftiRNA was detected in several adult r 
peripheral tissues, with the highest level in kidney (data n< 
shown). Densitometer scanning of autoradiograms fro 
three independent experiments showed that the spleen ar 
heart contained approximately 6- and 8-fold lower level 
respectively, compared with kidney. Lower levels were ah 
found in the adrenal gland, ovary, muscle, and liver. Hybri- 
ization of the same filter to a rat NGF probe revealed that tl 
amounts of HDNF mRNA in heart and spleen were comp 
rable to the level of NGF mRNA in these tissues. 

Developmental Expression of HDNF and BDNF in R 
Brain. In the developing brain, HDNF mRNA was detecU 
already at embryonic day 15, the earliest time point test* 
(Fig. 2a). A sharp increase was seen at birth and maxim 
levels were found at postnatal day 4. At 3 weeks of age, t! 
amount had decreased to adult levels. Densitometer scannii 
of autoradiograms from two independent experimen 
showed that adult levels were 15-fold lower than at postnai 
day 4. The level in the adult brain was lower than in kidn< 
but was comparable to the level in heart. A 1.4-kb BDI^ 
mRNA was first seen at embryonic day 19, with a peak le\ 
at 2 weeks of age, which was 10-fold higher than the amou 
in adult brain (Fig. 2a). A 4.0-kb BDNF mRNA was also se 
and the developmental and regional expression of this mR^ 
was the same as for the 1.4-kb mRNA. 

Regional Distribution of HDNF and BDNF mRNA in Ad 
Rat Brain. The distribution of HDNF mRNA in the ad 
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2 * Developmental and regional expression of HDNF and 
BDNF mRNA in rat brain, (a) Poly(A) + RNA (20 «g per slot) isolated 
trom Sprague-Dawley rat brain at the indicated developmental 
stages was hybridized to the indicated probes (HDNF and BDNF) 
Adult rats were 12 weeks old. E, embryonic day; P, postnatal day : 
wks weeks, (b) Same analysis as in a using poIy(A)+ RNA (20 ug per 
slot) isolated from the indicated regions of adult male Sprague- 
Dawley rat brain. Medulla, medulla oblongata; hypo, hypothalamus* 
hippo, hippocampus; cortex, cerebral cortex; cblm, cerebellum* olf 
olfactory bulb. 

brain showed remarkable regional specificity with high levels 
in hippocampus compared with other brain regions analyzed 
(Fig. 2b). In fact, cerebellum was the only other region where 
HDNF mRNA was clearly detected, with the exception of 
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cerebral cortex, which showed a weak signal. BDNF mRM a 
was more widely distributed in rat brain, although hinZ»* 
pus also contained the highest amount, followed by ceSi 
cortex, pons, and cerebellum (Fig. 2b). * cerebral 

Neurons Expressing HDNF and BDNF mRNA Are T^oVti 
in a Distinct Topographical Arrangement in Hipp^S^ 
Antenor sections of the dorsal hippocampus shoi5S5S 
expressing high levels of HDNF mRNA primarily confined 2 
the medial part of CA1 and CA2 (Fig. 3 a and c) Few HDNF 
mRNA-expressing neurons were also found in lateral parts of 
?u V ?^ nuIar cells of the dentate gyrus were also hiehlv 
labeled (Fig 3a). CA3 and hilar cells of the dentaTe S 
showed no labeling for HDNF mRNA at any level (Fig 3d) 
No labeling was seen over any sections after hybridization to 
a control probe, complementary to the specific HDNF probe 
Adjacent sections hybridized to a BDNF-specific probe 
revealed labeling over granular neurons in the dentate gyrus 
(tig. 3b), although possibly with lower intensity than that 
seen after hybridization for HDNF mRNA. Strong labeling 
with the BDNF-specific probe was found over neurons in the 

SnMp gI °p^ ig - 3€) > CA3 ' and part of CA2 ^w 
BDNF mRNA-expressing neurons, which appeared to be 
less intensively labeled, were also detected in CA1 and CA2 
(Hg. 3b) Intensely labeled neurons were seen in claustrum 
ocated lateral to the external capsule. This region showed no 
labeling for HDNF mRNA. 

Neurotrophic Activities of HDNF in Explanted Chicken 
Embryonic Ganglia. The 1020-bp HDNF cDNA insert was 
cloned in the expression vector pXM (34), designed for 
transient expression in COS cells. Two plasmid constructs 
were isolated, containing the HDNF insert either in the 
correct or opposite orientation for translation of the HDNF 
protein The latter construct was used as a negative control 
included was also a construct containing the rat NGF gene 

aia dlfFerent instructs were transfected into COS cells 
and 3 days later conditioned medium was tested for biological 
activity in bioassays that measured fiber outgrowth from 
various chicken embryo ganglia. A marked stimulation of 
neunte outgrowth, consistently resulting in circular or oval 
liber halos, was seen in the ganglion of Remak, a ganglionated 
nerve trunk in the mesorectum of the chicken embryo (38 39) 
(Fig. 4a). Although NGF is known to stimulate the explanted 
ganglion of Remak (39), it was far less efficient than HDNF 
(Fig. 4b). A modest stimulation of fiber outgrowth was also 
seen with HDNF in the nodose ganglion, consisting of 
neurons exclusively derived from an epidermal placode (22) 



Fig. 3. Expression of HDNF and 
BDNF mRNA in hippocampal neurons. 
Rat (Sprague-Dawley) brain sections hy- 
bridized to either HDNF- or BDNF- 
specific oligonucleotide probes, (a) Au- 
toradiogram from a section at the level of 
hippocampus hybridized to the HDNF- 
specific probe. Note labeling over medial 
CA1, CA2, and the dentate gyrus, (b) 
Adjacent section hybridized to a BDNF- 
specific probe. Note labeling over CA2 
and CA3 as well as hilar cells and dentate 
granule layer, (c) Pyramidal neurons in 
medial CA1 labeled with the HDNF- 
specific probe, (d) Nonlabeled hilar neu- 
rons after hybridization to the HDNF- 
speciflc probe, (e) Hilar neurons labeled 
with the BDNF-specific probe. DG, den- 
tate gyrus; CAlm, CA1 medial; Hi, hilus 
of dentate gyrus; CI, claustrum. (a and b y 
bar = 1.3 mm; c-e, bar = 10 ^m.) 
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Fig 4. Stimulation of fiber outgrowth from chicken embryonic 
ganglia. Biological activity of recombinant HDNF shown as effects 
fn different nerve tissues from the chicken embryo. Remak ganglion 
stimulated by HDNF (a) or NGF (« (0 Nodose ganglior , w th 
HDNF. Paravertebral sympathetic ganglion in response : to .HDNF (<fl 
and recombinant rat NGF (e). (/) Ciliary ganghon with HDNR All 
figures show ganglia after 1.5 days in culture. Dark-field microscopy. 
(Bars = 0.3 mm.) 

(Fie 4c) Again, HDNF was superior to NGF in evoking this 
response. A weak, but consistent, fiber outgrowth response 
with HDNF was seen in paravertebral sympathetic trunk 
ganglia (Fig. Ad), which, however, was much less pronounced 
compared with the massive response to rat NGF (Fig. 4,). n 
the ciliary ganglion, a weak but consistent fiber outgrowth 
response, manifested by the projection of short .neunte 
fascicles, was seen with HDNF but never with NGF (Fig. 4c . 
In the dorsal root ganglia, HDNF stimulated neunte out- 
growth to the same extent as NGF. 

Displacement of NGF Binding to PC12 Cells by HDNF 
Concentrated conditioned medium from transfected COJ» 
cells was tested for its ability to compete for binding 1- 
labeled NGF ( 125 I-NGF) to its receptor on PC12 eel s_ I ne 
concentration of 125 I-NGF used allowed =80% of the labe ed 
NGF to be bound to the low-affinity receptor site in the 
absence of competition (40). Twenty-five ^coventrated 
medium containing the HDNF protein displaced -70% of f the 
labeled NGF and a 20% displacement was seen after a 25-told 
dilution (Fig. 5). In contrast, 25 times concentrated medium 
from COS cells transfected with the HDNF cDNA in the 
opposite orientation did not show any displacement. Con- 
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Fig 5 Displacement of 123 I-NGF from its receptor on PC12 cells 
by HDNF and NGF. Serial dilutions of transfected COS «1 1 medium 
with (□) or without (O) HDNF or containing rat NGF (■) were 
Z SyS for their ability to displace 125 l-NGF from Us recepto, -on 
PC12 cells. Data are from two independent experiments that showed 
a variation of ±20%. 
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centrated medium from cells transfected in parallel with a ra 
NGF gene displaced 50% of the labeled NGF when dilute< 
250 times. 

DISCUSSION 

The cDNA clone isolated in this study encodes a protein 
HDNF, with a remarkable sequence similarity to both NG1 
and BDNF and therefore represents an additional member o 
a family of neurotrophic proteins. Recently (at the time o 
submission of this manuscript), two groups (41, 42) indepen 
dent of us isolated genomic clones for a protein (neurotrophu 
3) from mouse and rat, respectively, which is identical to th- 
neurotrophic protein characterized in this study. Our cDN/ 
clone predicts a 282-amirio-acid-long protein, which is 2 
amino acids longer than the protein deduced from the ge 
nomic clones (41, 42). Two alternative start sites for trans 
lation of the NGF protein have been proposed; the first i 
located in a separate 5' exon (43). The second start site 
located in the 3' exon, is also efficiently used for translatio 
of the NGF protein (36, 44) and generates a 68-amino act 
shorter protein. Thus, the structure of our cDNA clon 
indicates that the HDNF protein utilizes two alternative stai 
sites for translation, located in separate exons, and suggest 
that the genomic organization of HDNF and NGF is ver 

SI Tn li peripheral ganglia bioassays, HDNF showed neurc 
trophic activities that were to some extent reminiscent x 
both NGF and BDNF. Thus, in similarity to BDNF (20 
HDNF stimulated fiber outgrowth from the nodose gangh 
and as for NGF, evoked a fiber outgrowth response i 
sympathetic ganglia. In the latter case however the rt 
sponse was clearly weaker than with NGF. The part.all 
overlapping activities seen in vitro may reflect a cooperatio 
of these factors in vivo, where two or more proteins from tn 
same family may support the development and/or mainU 
nance of specific neurons. The most striking stimulation < 
fiber outgrowth evoked by HDNF was seen in the penphera 
autonomic, ganglion of Remak containing mostly cholinerg, 
but also some adrenergic neurons (38, 39). This effect w* 
clearly more pronounced than effects seen with NGF (jw 
suggesting that HDNF also evokes trophic responses diffe 
ent from both NGF and BDNF. In agreement with thi 
HDNF showed 'a weak, but consistent, neunte outgrowl 
response in the ciliary ganglion, which does not respond i 
NGF or BDNF. The ciliary ganglion is known to respond t 
ciliary neurotrophic factor (45), which lacks a signal s. 
quence, but could be released by an as yet unknown meel 
anism (46). Thus, HDNF is the only secreted neurotroph 
factor today that is known to affect fiber outgrowth, at lea 
in vitro, from the ciliary ganglion. 

The HDNF protein displaced 125 I-NGF from PC12 ceH 
indicating that it can interact with the NGF receptor. With 
assumption that NGF and HDNF were produced in equ 
amounts in parallel transfections and that the condit.onc 
medium lacks interfering substances, the interaction ot NO 
to its receptor was 30-fold more efficient. PC12 cells 
both low- and high-affinity receptors but only the I tug 
affinity receptor mediates a biological response (47). I ne ia 
that recombinant rat NGF readily stimulated neunte oi 
growth from PC12 cells, whereas HDNF, even at 30-fo 
higher concentrations than NGF, did not suggests th 
HDNF can only interact with the NGF receptor in i 
low-affinity form. It therefore appears likely that the biolc 
ical responses elicited by HDNF are mediated by either 
separate second messenger system com P a u re ™^ n , ( 
that the HDNF receptor is different from the NGF receptc 
In similarity with NGF, HDNF mRNA was found 
several peripheral rat tissues, with the highest level in i k.dne 
Hybridization of the same filters to a rat NGF probe reveal 
that the level of HDNF mRNA in kidney was only sl.gni 
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higher than the levels of NGF mRNA in peripheral sympa- 
thetic target tissues, indicating that HDNF is produced in 
relatively small amounts in peripheral rat tissues. This is also 
true for the brain, and the fact that seven positive cDNA 
clones were isolated from 1.2 x 10 6 independent clones 
suggests that in hippocampus, containing the highest level of 
HDNF mRNA, this transcript constitutes -1 in every 
170,000, which clearly represents a rare transcript. Thus, as 
in the case of NGF, HDNF may be present in limiting 
amounts and functions in vivo as a target-derived factor for 
a specific subset of both peripheral and central neurons. The 
regional distribution of HDNF mRNA in the periphery is, 
however, different from NGF, and, in agreement with the in 
vitro biological assays, HDNF may support a different set of 
peripheral neurons. Of interest is also that HDNF mRNA 
was found in the ovary, whereas no mRNA was detected in 
the testis, where both NGF and its receptor is expressed (48) 
and where NGF has been suggested to mediate an interaction 
between Sertoli cells and germ cells (49). This shows that 
different members of the NGF family are expressed in 
different reproductive tissues and suggests that they may 
have nonoverlapping functions outside the nervous system. 

Interestingly, the three neurotrophic proteins were maxi- 
mally expressed at different times of brain development with 
a peak of HDNF mRNA shortly after birth, BDNF mRNA 
around 2 weeks, and NGF mRNA around 3 weeks after birth 
(see ref. 8 for NGF). Moreover, the mRNA's for all three 
proteins were expressed in hippocampus at levels higher than 
in other regions, particularly in the case of HDNF. Within 
hippocampus, ail three mRNAs were also confined to neu- 
rons (see ref. 10 for NGF) and a clear topographical division 
was seen, where HDNF mRNA was concentrated to pyra- 
midal neurons in medial CA1, CA2, and granular neurons in 
dentate gyrus. Strongly labeled BDNF neurons were primar- 
ily seen in CA3 and the hilar region of dentate gyrus. Neurons 
with apparent lower levels of BDNF mRNA were seen in the 
dentate gyrus. The hilar region, containing neurons with high 
levels of BDNF mRNA, showed no labeling for HDNF 
mRNA. 

This remarkable concentration of trophic factors in the 
adult hippocampus suggests that maintenance of plasticity is 
crucial to its function and may relate to the presumed, 
morphological sequelae of long-term potentiation and mem- 
ory consolidation processes. The intriguing temporal and 
spatial expression of the three neurotrophic proteins in the 
brain suggests that they predominantly support neuronal 
innervation at different times of development and that they 
may also exert specific trophic support for different central 
nervous system neurons, a possibility that will be an inter- 
esting topic for future studies. 
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YS BY GDF-1. 

Happel. M. 



n . flwvnne and E. Gamzu* . Cambridge 
Neuroscience Inc. One Kendall Square, Cambridge, 
MA U r 02139 

GDF-1 (growth/ differentiation factor 1) is a 
member of the TGF-fJ super family that has been 
shown to be expressed primarily in the nervous 
system. GDF-1 is expressed as a 42 kd precursor 
protein which is processed to a 15 kDa mature 
form containing 7 cysteine residues with spacing 
and structural homology similar to TGF-p. We 
have been working towards identifying bioassays 
for GDF7I. Herein, we present the results of 
testing GDF-1 in various growth factor assays. 
Initial studies show that recombinant human GDF-1 
stimulates the expression of the immediate early 
genes in neural cell lines. Further analysis of 
specific neural gene expression in primary 
hippocampal cells is included. Preliminary 
screens for potential receptor proteins and 
identification of potential second messenger 
pathways for GDF-1 will also be presented. 
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NEUROTROPHIN-4/5 PROMOTES SURVIVAL OF DOPAMINERGIC 
NEURONS, AND IS PRESENT IN EMBRYONIC STRIATUM. M, 
Hynes. L Berkemoier. K, Poulsen, F. Hefti*. and A. Rosenthal*. 
Department of Neuroscience Genentech, Inc. South San Francisco, 
California. 94080. 

Parkinson's disease is a prevalent neurological disease characterized 
by profound and incapacitating movement disorders. A common 
pathology in Parkinson's patients is degeneration of substantia nigra 
dopaminergic neurons that innervate the striatum and a corresponding 
decrease in striatal dopamine content. We have investigated the ability 
of neurotrophin 4/5 (NT-4/5) to prevent or ameliorate degeneration of 
jhese dopaminergic neurons. Using an in vitro assay for dopaminergic 
survival we compared NT-4/5 to other neurotrophins, as well as to bFGF 
and CNTF. We find that NT-4/5 is as potent as brain-derived 
neurotrophic factor (BDNF) in promoting the survival of rat embryo 
mesencephalic dopaminergic neurons in vitro and that these factors were 
the most effective of those tested. However, large quantities (1-2 x 10" 9 
M) of either neurotrophin are required to produce an effect. Furthermore, 
we demonstrate that transcripts for NT-4/5 and BDNF are present in 
striatum and using double immunocytochemistry and in situ 
hybrid izat ion ^show that messenger RNA encoding full length trkB, a 
receptor for BDNF and NT4/5 is present on dopaminergic neurons in the 
substantia nigra of embryonic rats. In addition, both NT-4/5 and BDNF 
protect embryonic dopaminergic neurons from the toxic effects of the 
neurotoxin MPP+. Thus, BDNF and NT-4/5 could be physiological 
survival factors for midbrain dopaminergic neurons and may be useful as 
therapeutic agents for Parkinson's disease. 
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IGF-I INDUCED INCREASES IN DOPAMINERGIC CELL NUMBER 
AND/OR TYROSINE HYDROXYLASE APOENZYME IN PRIMARY 
VENTRAL MESENCEPHALIC CULTURES ASSESSED BY A CELL- 
BASED ELBA D. Bozvezko-Covne T. J. Connors. B. W. McKenna and N. T. 
NefP. Cephalon, Inc., West Chester, PA 19380. 

Dopaminergic (DA) neurons represent less than 1-2% of the total cell 
population of ventral mesencephalic (VM) cell cultures. These neurons, 
contqbating to the DA nuclei of the substantia nigra, are among those 
compromised in Parkinson's disease. The discovery of factors or drugs that 
augment the survival/ftinction of these neurons is impeded/limited by methods 
that require either direct counting of tyrosine hydroxylase (TH) positive cells or 
substantial numbers of cultured VM cells for assessment of TH enzyme activity. 
To circumvent these limitations, a 96 well format cell-based EL1SA was developed 
for initial screening of factors with potential trophic activities. This assay 
measures VM culture TH apoprotein content ELISA measurement of TH 
apoprotein content correlated directly with changes in the number of TH positive 
neurons. A linear assay range resulted from initial plating densities of 0.25 - 4 x 
10 s cells/well, representing a potential maximum of 500-8000 DA cells/well under 
basal culture conditions. Under these conditions, IGF-I consistently increased TH 
specific signal (1.5-2.0 fold) correlating to increased DA cell numbers. bFGF, 
EGF, NT-3 and BDNF were assessed by the TH cell-based ELISA for effect on TH 
spectfis signal in VM cultures. NT-3 and EGF did not elicit changes in VM 
culture iftt apoprotein, while bFGF and BDNF additions resulted in small (20- 
40%) and vWable increases in TH signal. Maximal increases in TH specific 
signal were observed when VM cells were cultured in the joint presence of IGF-I 
and EGF. Under these conditions, ELISA TH signals increased 2.5-3.0 fold over 
untreated control cultures representing a synergistic and/or cooperative effect of 
IGF-I and EGF on TH expression or DA neuronal survival. 
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PURIFIED' RAT DOPAMINE NEURONS REQUIRE GROWTH 
FACTORS FOR THEIR SURVIVAL IN CULTURE. L.L Lee. C.W. 
Kerr and L. Ucovlttl* Dent, of Neurology, Institute of Neuroscience, 
Hahnemann University School of Medicine, Philadelphia, PA 19102 
Dopamine neurons, because of their selective vulnerability in Parkinson's disease, 
have been the subject of intense investigation. Historically, those studies elucidating 
the mf**h ffp i « n i« regulating dopamine cell survival have been done in tissue culture. 
A major obstacle encountered in these studies, however, has been the heterogeneity of 
cell types present; with dopamine neurons representing less than 0.1% of the total 
cellular composition. Therefore, in the present study, we have developed a method 
for isolating pure populations of dopamine neurons from the rat nigrostriatal system 
for the purposes of studying the role of growth factors in their survival. To do so, 
the fluorescent dye, dil (l,l^Kc«tadecyl-3333'-tetramethylindocarbocyanine 
pcrchlorate; 2jA of 7 mg/ml) was injected into the striata of El 6 rat embryos. 
During transport of the dye, the embryos were maintained in Avian Tyrode solution 
equilibrated with 95% O2 and 5% C©2 in a 31'C waterbath for 18-20 hours. The 
ventral midbrain of control and injected embryos were then microdissecied and 
trypsin -di ssociated. Cells woe next passed through a Becton-Dickinson FACSlar 
Plus cell sorter. The fluorescent' 1 ' cells were plated into tissue culture wells and 
maintained either on defined media or on media supplemented with a cocktail of 
growth factors (aFGF, bFGF, EGF, CNTF, IGF, NGF, TGFB. IL1. and LTF). Two 
hours to 3 days later, cultures were fixed and examined either in the fluorescence 
microscope or were immunostained for the specific dopamine synthetic enzyme, 
tyrosine hydroxylase (TH). Greater than 90% of cells isolated in this manner 
exhibited fluorescence and TH immunolabcling immediately after plating. However, 
the survival of these neurons for 1 or more days in culture required the presence of 
trophic factors in the growth media. We conclude that nearly pure populations of 
dopamine neurons can be isolated by flow cytometry after Dil labeling. Moreover, 
dopamine neurons grown in (he virtual absence of other cell types will not survive in 
culture without the addition of specific trophic factors to the growth media. 
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BASIC FIBROBLASTGROWTH FACTOR (bFGF) INCREASES DIVISION OF 
NEURONAL PRECURSORS IN SPHERES CONTAINING DOPAMINE 
NEURONS FROM SUBSTANTIA NIGRA PR1MORD1A OF RAT. MJl 
Bouvier* and C. Mvtilineou. Dept. Neurology, Mt. Sinai Sch. of Medidne, New 
York, N.Y., 1Q029. 

Cultures were prepared from ventral mesencephalon of E12 rat 
embryos, a stage which coincides with the beginning of the birth of dopamine 
neurons. Cells were treated with bFGF (10ng/ml), EGF (10ng/ml), or both 
upon plating and dally thereafter. Cells were initially grown on a non-adhesive 
substrate, a process which prevents attachment and differentiation. Floating 
spheres of proiferating ceDs were cultured in this manner for 12 or 24 days 
In vitro (DIV), then repeated on adhesive substrate where they attached and 
differentiated, ^-thymidine incorporation demonstrated a strong proliferative 
effect of bFGF at 12 DIV, and neuronal division was demonstrated by double 
labelling with TAU and 5-bromo-Z-deoxyurkJine (BrdU). All of these bFGF- 
treated spheres contained neurons and astrocytes at DIV 12, as demonstrated 
by staining with TAU and glial fibrillary acidic protein (GFAP), respectively. 
Many of these spheres contained dopamine neurons, as demonstrated by 
tyrosine hydroxylase (TH) staining. By DIV 24, the proBferative effect of bFGF 
had decreased, and virtually none of trie spheres were TH positive. EGF had 
no proliferative effect on these cells at DIV 12, but had a strong proliferative 
effect by DIV 24. AD of the EGF-treated spheres contained neurons and 
astrocytes, but virtually none contained dopamine neurons. In cultures treated 
with both growth factors, EGF was unable to modify the bFGF effect at DIV 
12 or at DIV 24. Future experiments are envisioned to transplant the bFGF- 
treated spheres cultured for 12 days Into 6-hydroxydopamine lesloned rats. 
Supported by The International Foundation of Parkinson Disease Association 
and The United Parkinson Foundation. 
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TROPHIC AND NEUROPROTECTIVE EFFECTS OF GUAL CONDITIONED 
MEDIUM ON CULTURED MESENCEPHALIC DOPAMINE NEURONS. JJt 
Parkland C. Mvtilineou . Dept. Neurology, MtSinai Sch. of Medicine, New 
York, N.Y., 1002©. 

Our previous studies demonstrated that astrocytic glia exerts trophic effects 
upon mesencephalic dopaminergic (DA) neurons in culture and protects 
against the toxicity produced by DA neurotoxins, 1-methyM-phenylpyridine 
(MPP*) and 6-hydroxydopamine (6-OHDA). Since this protection may resutt 
from glial released factors in the extracellular medium, we examined whether 
or not conditioned medium (CM) from astrocytic cultures can mimic the trophic 
and protective effects produced by glia. Glial CM was obtained from enriched 
astrocytic cultures of mesencephalic or striatal origin, and then used as the 
maintenance medium for mesencephalic cells from embryonic day 14 rats 
grown on pofyomithine substrate. Control cultures were maintained on serum- 
free chemically defined medium. 100 uM MPP* (60 min) or 50 uM 6-OHDA 
(45 min) was applied at day 6 In vitro and the extent of neurotoxicity was 
assessed 24 hrs later by ['HID A uptake and tyrosine hydroxylase (TH) 
immunocytochemistry. Both mesencephafic and striatal CM stimulated neurite 
outgrowth of DA neurons, resulting in increased uptake levels (3.9-fbkJ and 
2.8-fold increase over controls) and also promoted DA neuron survival (4.2 
and 2.8-fold increase over controls). These trophic effects of CM on DA 
neurons are similar to those produced by gHa. CM treatment also mimicked 
glial protective effects against MPP* and 6-OHDA induced reduction in DA 
uptake (from 88.7+3.7 to 59.2+8.0 % reduction for MPP* and from 60.3+2.9 
to 23.8+5.5 % reduction for 6-OHDA). These data suggest that astrocytes 
secrete trophic substances into the medium, which can modify the sensitivity 
of DA neurons to neurotoxins. Supported by NIH grant NS-23017 and the 
American Parkinson Disease Association. 
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Distinct Modulatory Actions of TGF-p and LIF on 
Neurotrophin-Mediated Survival of Developing Sensory 
Neurons* 

Kerstin Krieglstein 1 and Klaus Unsicker 1 



(Accepted January 25, 1996) 



The neurotrophins nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and 
neurotrophin-3 (NT-3) are important for the regulation of survival and differentiation of distinct, 
largely non-overlapping populations of embryonic sensory neurons. We show here that the mul- 
tifunctional cytokine transforming growth factor-0 (TGF-P) fails to maintain sensory neurons cul- 
tured from embryonic day (E) 8 chick dorsal root ganglia (DRG), although DRG neurons are 
immunoreactive for the TGF-P receptor type II, which is essential for TGF-p signaling. However, 
in combination with various concentrations of NT-3 and NT-4, but not NGF, TGF-P3 causes a 
further significant increase in neuron survival. In DRG cell cultures treated with NGF, NT-3, and 
NT-4, a neutralizing antibody to TGF-P decreases neuron survival suggesting that endogenous 
TGF-P in these cultures affects the efficacies of neurotrophins. Consistent with this notion and a 
modulatory role of TGF-p in neurotrophin functions is the observation that TGF-02 and -p3 
immunoreactivities and TGF-P3 mRNA are located in embryonic chick DRG in close association 
with neurons from E5 onwards. We also show that leukemia inhibitory factor (LIF) significantly 
decreases NGF-mediated DRG neuron survival. Together, these data indicate that actions and 
efficacies of neurotrophins are under distinct control by TGF-p and LIF in vitro, and possibly also 
in vivo. 



KEY WORDS: Dorsal root ganglionic neurons; neurotrophic factors; nerve growth factor, brain-derived neu- 
rotrophic factor, neurotrophin-3; cell culture. 



INTRODUCTION 

Regulation of neuronal survival by neurotrophic 
factors is an essential aspect of nervous system devel- 
opment and injury. Current views concerning the func- 
tions and mechanisms of action of neurotrophic factors 
have largely been shaped by studies on nerve growth 
factor (NGF) and NGF-dependent sympathetic and sen- 
sory neurons (see 1,2 for reviews). However, the con- 
ceptually simple classical scenario, in which neurons 

1 Department of Anatomy and Cell Biology , The University of Hei- 
delberg, D-69120 Heidelberg, Germany. 
* Special issue dedicated to Dr. Hans Thoenen. 



compete for limited amounts of a target-derived and ret- 
rogradely transported factor, specific for distinct types of 
neurons, fails to correctly describe the real complexity 
that exists in many central and peripheral neuronal sys- 
tems. Such complexity results, e.g. from a high degree 
of molecular heterogeneity, pleiotropism, overlap in bi- 
ological activities, multiplicity of sources, and distinct 
spatiotemporal regulation of expression of acting factors 
and their receptors (see 3). 

There is increasing evidence indicative of potential 
interactions between different classes of factors in the 
regulation of neuron survival. Thus NGF, and the "neu- 
ropoietic cytokines", leukemia inhibitory factor (LIF) 
and ciliary neurotrophic factor (CNTF), have been re- 
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ported to be equally effective in promoting the survival 
of dorsal root ganglionic (DRG) neurons of neonatal ro- 
dents (4,5). NGF, brain-derived neurotrophic factor 
(BDNF), neurotrophin-3 (NT-3), and an unidentified 
non-neurotrophin from chromaffin granules promote the 
survival of DRG neurons cultured from embryonic day 
(E) 8 chick embryos in a partly overlapping fashion 
(6,7). Another important issue related to the interactions 
of different factors is how neuronal sensitivity to neu- 
rotrophins is regulated and how neurotrophin expression 
is controlled. Several studies have shown that, e.g. neu- 
ral activity (8,9) as well as the cytokines interleukin-1 
(IL-t; 10) and transforming growth factor-^ (TGF-0; 
11-13) can influence neurotrophin expression, and that 
neurotrophin receptor expression may be affected by 
neurotrophins themselves (14). 

In the present study we show that TGF-02 and -(33 
immunoreactivities and TGF-03 mRNA can be detected 
in embryonic chick DRG. DRG neurons isolated at E8 
are immunoreactive for the TGF-p receptor type II 
(T3RII), but do not respond in vitro to TGF-p treatment 
with increased survival. However, TGF-p potentiates 
survival achieved with a wide range of concentrations 
of NT-3 and NT-4, while LIF significantly reduces 
NGF-mediated survival of DRG neurons. These data 
suggest that TGF-p and LIF can control DRG neuron 
sensitivity to neurotrophins. 



EXPERIMENTAL PROCEDURE 

Growth Factors. Growth factors were purchased from Boehrin- 
ger, Mannheim (NGF, 2.5 S NGF; recombinant human (rh) LIF), R 
& D Systems (rhTGF-p 1 , -£2, -03), and IC Chemikalien, Ismaning, 
Germany (rhNT-3, rhNT-4). Lyophilized factors were resuspended in 
culture medium (see below), to give a final concentration of 1 \ig/m\ 
and stored in aliquots of 100 \i\ at -70°C until use. 

Tissue Culture. Fertilized white Leghorn chick eggs were pur- 
chased from a local aviary and incubated in a humidified egg chamber 
at 38°C until E8. Lumbar DRG were removed, freed from nerve roots 
and connective tissue and collected in ice-cold Ca*S Mg 2 *-frce Ha- 
nks' Balanced Salt Solution (CMF). Following incubation in 0.08% 
trypsin (1CN, 15 min), ganglia were washed in culture medium (see 
below) and dissociated using fire-polished Pasteur pipettes. Cell sus- 
pensions (neuron/non-neuron ratio 1:2) were plated at 1,200 cells per 
well in 50 ]i\ culture medium in 96-well microtiter plates (Costar A/2) 
precoated with polyornithine and laminin as described (15). Culture 
medium was Dulbecco's Modified Eagle's Medium (DMEM) supple- 
mented with the Nl additives (16), 0.25% BSA and 100 U/ml peni- 
cillin. Cultures were incubated at 37°C in a humidified atmosphere 
containing 5% C(V Q 5% air. After 48 hours cultures were fixed by 
addition or 2.5% glutaraldehyde in phosphate-buflered saline (PBS). 
Numbers of surviving neurons were determined by direct counting of 
30% of the surface area using phase contrast microscopy. 

fmmunocytochemistry. White Leghorn chick embryos (day 
3/stage 18 to day 15) were fixed by immersion or perfusion via the 



heart followed by immersion in ice-cold 4% phosphate-buffered neu- ||; 

tral formalin. After 24 hours this solution was replaced by ice-cold ||; 

PBS, PBS/50% ethanol, and tissues were dehydrated through a graded || : 

scries of ethanol and embedded in paraffin wax. Isolated DRG neurons p; ; 

from E8 chick embryos were seeded on polyomithine/laminin-coated §$ 

glass coverslips at a density of 80 neurons per mm 1 and mainlined f| 

for various periods of time with or without NGF (10 ng/ml) ;is de- f| 
scribed above. Cells were fixed in neutral formalin. 

Antibodies against TGF-p2 and TGF-p3 (generously supplied by i 

Dr. K. Flanders, NCI, NIH) and TpRII (UBI) have previously bee* | 

characterized and described in detail (17-19). In brief; the antibody |: 

against TGF-p2 is directed against peptide sequence 50-75 of nuiurc | 

TGF-p2. Anti-TGF-fJ3 antibodies are directed against amino acids 50- | 

60 of the mature regions or amino acids 81-100 in the pro-region of |; 

the prc-pro-TGF-P3. Antibodies to TGF-03 gave identical staining |; 

patterns. The antibody to the T(JR11 recognized a single band »t ap- || 
proximately 66 kDa in Western blots of E8 chick DRG homogcuatcs 

corresponding to the correct molecular mass of the chick TpRll (20). |:j 

Antibodies were incubated overnight at 4°C and visualized cither using |; 

the Veclastain ABC-kit (anli-TGF-ps) or indirect immunofluorescence | 

using TRITC-conjugated anti-rabbit lgG (anti-TPRIl) (13). |: 

In Situ Hybridization. A TGF-P3-specific probe comprising a 732 |; 
nucleotide fragment spanning amino acid residues 8 to 25 1 of the |j; 
precursor polypeptide was oriented in pBluescript KSH (Stratagem:) |i 
such that the antisense probe was generated using the T3 promoter | 
(21). "Sense** and "antisense" RNA probes were alpha "S-UTP- | 
labeled (1200 Ci mmol" New England Nuclear) to a specific activity | 
of > 10* disints min" ' U-g 1 using the appropriate T3 and T7 transcrip- | 
tion system. The probe was digested to an average length of 100 nt | 
by controlled alkaline hydrolysis and used at a final concentration of | 
40 pg IJ.1-" (4 X W disints min -1 \i\ ! ). Five to seven \im thick sec- 
tions, placed on TESPA (Fluka ! 09324) coated slides, were haked !| 
overnight at 42°C, deparaffinized, rchydrated, and refixed in 4" » par- 
aformaldehyde/PBS. They were then treated as described in detail 1 13). | 

Statistical Analysis. Data were analyzed by a one-way ANOVA, j| 
and the significance of intergroup differences were determined by ap- 
plying Student's t-test. Differences were considered significant at *P 
< 0.05, **P < 0.01, ***P < 0.001. 



RESULTS 

TGF-&2 and -f33 Immunoreactivities and TG/-P3 
mRNA in Developing DRG. TGF-|32 and -03 arc the 
prominent, strictly co-localizing TGF-JS isoforms in the 
developing and adult rodent and chick nervous system 
(13,22,23). Fig. 1 illustrates the development of TGF- 
P3 immunoreactivities (ir) in chick DRG in situ between 
E5 (Fig. 1A) and E15 (Fig. 1C). At E5 (Fig. IAi and 
E9 (Fig. IB), immunopositive fiber-like structures sur- 
round neurons, which appear mostly immunonegative. 
At the light microscopic level it is not possible to defi- 
nitely assign the TGF-p ir to satellite cells or extracel- 
lular matrix, or to exclude that neurons have T< iF-P 
located in the subplasjnalemmal region. At El 5 (Fig- 
IC) some, but not all DRG neuronal perikarya are IGF- 
p3-ir. In situ hybridization revealed specific expansion 
of TGF-03 mRNA in El 1 DRG (Fig. ID). Labeling was 
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: 'flf 1* TGF-§3 immunoreactivity (A, B, C) and mRNA (D) in dorsal root ganglia from E5 (A), E9 (B), EI5 (C) and Elt (D) chick embryos. At 
fe&v. . j£ m £ TGF-p3 immunoreactivity (arrows) surrounds developing neurons and may be located in .satellite cells or extracellular matrix. Radioau- 
jg&graphic in situ hybridization (D) suggests that satellite cells may be one site of synthesis of TGF-p3 during DRG development. In older DRG 
Ipl 5, C) TGF-P3 immunoreactivity is clearly detectable in neuronal cell bodies. Bar = 25 u.m in D, = 50 |im in A-C. 



J|£:rnost intense peripherally to neuronal cell bodies sug- 
"pgPSting localization in satellite cells. 
^'1 Presence and Localization of TfiRJI in DRG Neu- 
TfJRII is the receptor component in the heterom- 
fotic type I/type II TGF-3 receptor complex, which is 
|p: "essential for TGF-P transmembrane signaling (24). For 
III; demonstrating the presence of the TpRH, DRG neurons 
%:V:^vere isolated from E8 chick ganglia and maintained on 
H;.: coverslips 6 or 48 hours in the absence or presence of 
|| : NGF (10 ng/ml). Prior to 6 hours neurons were not suf- 
i|L ficiently adhesive for immunocytochemical processing. 
;** As shown in Fig. 2, all DRG neurons were immuno- 



positive. The signal was specific in that is was abolished 
by absorbing the antibody to a DRG homogenate (not 
shown). Western blots of E8 chick DRG homogenates 
employing the same antibody revealed a single band at 
approximately 66 kDa (not shown), the relative molec- 
ular mass of the recently cloned chick TfiRII (20). 

Modulation of Neuvotrophin-Mediated Neuronal 
Survival by Exogenous TGF-(3. Fig. 3 shows the survival 
promoting capacity of saturating concentrations of NGF 
(10 ng/ml), NT-3 ( 10 ng/ml), and NT-4 (25 ng/ml; used 
instead of BDNF as a iigand for the trkB receptor) for 
DRG neurons in cultures maintained for 48 hours. TGF- 
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♦ 10 ng/ml TGF-oeta 3 
— *- ♦ 1 .25 ng/ml TGF-beta3 



Fig. 2. TpRU immunoreactivity in DRG neurons cultured from E8 
chick embryos. Cells were treated with NGF (10 ng/ml) for 24 hours 
and then processed for TpRII immunoreactivity visualized by indirect 
immunofluorescence using TRITC-conjugated anti-rabbit antibodies. 
Both neuronal cell bodies and processes are reactive for T0RII. Bar 
= 50 nm. 
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Fig. 3. Survival of E8 DRG neurons maintained for 48 hours in the 
presence of saturating concentrations of NGF, NT-3, NT-4, TGF-p, or 
without exogenous factors. Values given arc means ± SEM of tripli- 
cate determinations of at least two independent experiments. 



(13 (10 ng/ml) marginally enhanced neuron survival in 
the absence of other exogenous factors to approximately 
15% of the NGF plateau. However, when a constant 
amount of TGF-|S3 (1.25 or 10 ng/ml) was combined 
with a wide range of different concentrations of NT-3 
or NT-4, it significantly elevated plateau survival (Fig. 
4A, B). Neuron numbers were increased approximately 
1.6-fold when treated with TGF-p3 plus NT-4 or NT-3, 
respectively, as compared to each neurotrophin alone. 
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Fig. 4. Co-treatment of E8 DRG neurons for 48 hours with TGP-P 3 
(at a constant amount of 10 and 1.25 ng/ml, respectively) and a broad 
range of different concentrations of NT-3 (A), NT-4 (B), and NOF 
(C). ■ refers to neurotrophin treatment in the absence of TGK-p. Sur- 
viving neurons were counted in triplicate determinations of ;ii least 
two independent experiments. Values arc given as means ±SKM. Sig- 
nificance was derived from comparison between the experiment I var- 
iants and the value for the growth factor alone. *P < 0.05. **P < 
0.01. 
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. Fig. 5. Neutralizing antibodies to TGF-p 1/2/3 added to NGF-(A) and 
NT-4-(B) treated cultures of E8 DRG neurons reduce neuronal sur- 
vival ■ refers to neurotrophin treatment in the absence of antibodies 
to TGF-p. Values given are means + SEM of triplicate determinations 

; of at least two independent experiments. Values are given as means 
± SEM. Significance was derived from comparison between the ex- 
perimental variant and the value for the growth factor alone. *P < 
0.05, ***P < 0.001. 



The magnitude of this combined effect was greater than 
the calculated sum of the survival promoting effect of 
the individual factors. TGF-P3, however, did not add to 
the survival promoting effect of NGF (Fig. 4C). 

Modulation of Neurotrophin-Mediated Neuronal 
Survival by Endogenous TGF-/3. We next addressed the 
issue whether TGF -p endogenous to the cultures might 
synergistically influence neurotrophin-mediated survival 
of DRG neurons. Cultures were run in the absence or 
presence of a wide range of concentrations of NGF, NT- 
3, or with or without adding neutralizing antibodies 
to TGF-p 1/2/3 (10 nAnl). Amounts of anti-TGF-0 1/2/3 



200 



= 150. 



1 



=3 
0) 

c 

50 J 



NGF 



100 



50 



25 



I 



12,5 



8.3 



LIF Control 



ng/ml LIF + 5 ng/ml NGF 



Fig. 6. Survival of E8 DRG neurons cultured for 48 hours and treated 
with NGF, LIF, or a combination of 5 ng/ml NGF and different con- 
centrations of LIF, While LIF by itself has a small survival promoting 
effect, it significantly reduces NGF-mediated neuron survival. Values 
given are means ± SEM of triplicate determinations of at least two 
independent experiments. Values are given as means ± SEM. Signif- 
icance was derived from comparison between the experimental variant 
and the value for the growth factor alone, *P < 0.05, **P < 0.0 1, 



added were sufficient to reduce the biological activity of 
3 ng/ml of TGF-p determined in an assay using mink 
lung epithelial cells (MLEC) by at least 95%, and the 
activity of 10 ng/ml TGF-P by at least 75% (cf 25; not 
shown). Fig. 5 shows that anti-TGF-P antibodies signifi- 
cantly reduced neuronal survival in the presence of NGF, 
NT-3 (not shown), and NT-4 suggesting that TGF-p in 
these cultures in fact modulated DRG neuron survival. 

Modulation of Neurotrophin-Mediated Neuronal 
Survival by LIF. LIF, a pleiotrophic cytokine, initially 
characterized by its ability to act on certain neurons as 
a transmitter determination factor (26), has been shown 
to affect the development and survival of cultured sen- 
sory (27,28) and spinal cord motor neurons (29,30), 
When LIF was added to E8 DRG cultures at 10 ng/ml 
(Fig. 6), neuronal survival was marginally enhanced 
(17% of NGF plateau). Concentrations lower or higher 
than 10 ng/ml were equally uneffective (not shown). In 
combination with a saturating concentration of NGF (10 
ng/ml), however, LIF significantly reduced neuron sur- 
vival (Fig. 6). 



DISCUSSION 

The NGF paradigm has long been and still is a 
strong conceptual basis for understanding the regulation 
of neuronal survival by neurotrophic factors (see 1). The 
simplest version of the neurotrophic factor concept im- 
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plies that trophic factor quantity is the essential survival 
limiting value, and that alterations in neuronal survival 
and death may be achieved by up- or downregulation of 
factor synthesis and release by target cells. Multiple ev- 
idence suggests that the neurotrophic scenario is far 
more complex than previously thought (see 3). Revisions 
in the neurotrophic factor concept must take into ac- 
count, inter alia, (i) anterograde, para- and autocrine 
pathways of delivery of trophic molecules, (ii) conver- 
gent actions of multiple factors upon a single neuron, 

(iii) switches in factor dependence during development, 

(iv) existence of molecules actively promoting . .cell 
death, and (v) existence of molecules changing the sen* ! , 
sitivity of neurons to a given set of trophic factors. 

The present study has addressed the role of TGF-P 
and LIF in the regulation of survival of chick DRG neu- 
rons. TGF-p occurs in at least two isoforms, 2 and 3, 
within developing chick (13 and this study) and mouse 
DRG (22). Moreover, adult rat DRG neurons have been 
shown to synthesize and release within hours after injury 
TGF -(31 (31). Consistent with the documented locali- 
zation and upregulation and a presumed role of TGF-P 
as a modulator of neuron survival, our data provide the 
first evidence that TGF-p is a potent modulator in the 
NT-3 and NT-4-mediated survival response of DRG 
neurons. TGF-P, when added exogenously, significantly 
enhanced the effects of these neurotrophins. Mechanisms 
underlying the synergism of neurotrophins and TGF-p 
remain to be explored, but may be sought in several 
directions, including enhanced presentation of neurotro- 
phins to their receptor systems, alterations in tikB/ 
trkC/p75 expression or configuration, induction of neu- 
rotrophin synthesis in the cultures, or effects on signal 
transduction pathways distal to receptors. 

TGF-P has been shown to be a strong inducer of 
NGF mRNA in cultured-astrocytes (11,32) and embry- 
onic cutaneous cells (12), but not in Schwann cells (iso- 
lated from rat sciatic nerve; 33). The possibility that 
TGF-P might have increased NGF synthesis in our cul- 
tures has not been tested. It is conceivable that the slight 
elevation of neuron survival brought about by TGF-p 
resulted from the generation of a small amount of NGF 
by embryonic ganglionic satellite cells, which might dif- 
fer from peripheral nerve Schwann cells (cf. 33) in their 
capacity for NGF synthesis. 

It is not known and has not been addressed in this 
study, whether TGF-p can induce expression of trk re- 
ceptors. If so, synergistic effects of TGF-p and NT- 
3/NT-4 might result from induction of trkC/trkB recep- 
tors on neuron populations, which constitutively lack the 
respective receptors. 



Synergistic and coordinated trophic actions of mul- 
tiple growth factors from different gene families upon 
neurons are gradually becoming acknowledged as an im- 
portant means for fine tuning of the trophic support of 
neurons. The fact that combinations of factors act syn- 
crgistically in vitro, and possibly also in vivo, has so far 
best exemplified on motoneurons (cf. 34). To our knowl- 
edge, there is only one case so far, however, suggesting 
that a factor, which by itself is inactive, can boost the 
efficacy of another trophic factor: on cultured motoneu- 
rons FGF-2 has a modest survival promoting effect un- 
less neurons are primed with serum (35) or co- treated 
with TGF-P (Henderson, personal communication). 

The role of TGF-P in exerting the effects described 
in thi?present paper, are not too surprising in the light 
of multiple evidence documenting the contextual and 
pleiotropic actions of TGF-P on non-neuronal cells (cf. 
36, for review). For example, synergistic interaction of 
FGF-2 and TGF-P is required for promoting early em- 
bryonic development (37), induction of chondrogenesis 
(38), stimulation of Schwann cell proliferation (39), and 
inhibition of astroglial cell division (40). Our present 
data illuminate TGF-P as an important modulator for 
neurotrophin actions. Future studies will have to unravel 
the molecular bases of this modulatory function. 

With regard to LIF, member of an unusual family 
of proteins termed the neuropoietic cytokines (see 41, 
for review), our data suggest a capacity to down-regulate 
the responsiveness of DRG neurons to NGF. This is 
reminiscent of similar actions of LIF and CNTF on cul- 
tured sympathetic neurons, where both cytokines induce 
programmed cell death (42) and CNTF has been shown 
to down-regulate the responsiveness to NGF (43). Mow 
these and our data can be reconciled with the potential 
of LIF to rescue axotomized DRG and motoneurons 
from cell death (28,44) is unclear at present. Possibly, 
enhanced regeneration of axons in a transectioned sciatic 
nerve of LIF-deficient mice (Patterson, personal com- 
munication) might be consistent with the notion that LIF 
can have adverse effects on neuron survival under yet 
to be defined particular conditions. 
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INTRODUCTION 

Secretory polypeptides are broadly used as mediators of intercellular com- 
munication to guide tissue development in metazoa. A decade ago, as the 
characterization of various mitogenic polypeptides and the isolation of 
scores of new ones were in progress, searches were launched to identify 
novel factors with activities other than promotion of cell growth. Some of 
the fruitful searches led to the isolation of a promoter of a transformed 
phenotype in fibroblasts, an inhibitor of cell proliferation, an inducer of 
chondrogenic differentiation, an inhibitor of myogenic differentiation, and 
an immunosuppressor. It was a major surprise to find that a single factor 
was responsible for all of these activities. Transforming growth factor 
type-/?, or TGF-/?, became the conventional name for this multifunctional 
factor,' even though this name misrepresents the fact that TGF-/J does not 
cause oncogenic transformation. 

Besides being multifunctional, TGF-j? represents a large family of fac- 
tors with diverse activities. The concept that TGF-/? is prototypic of a 
superfamily of growth, differentiation, and morphogenesis factors became 
clear in 1987 (Massague 1987; Sporn et al 1987) following the rich harvest 
that yielded the inhibins, activins, Mullerian inhibiting substance, deca- 
pentaplegic product, and TGF-/?2..0ne after another, these factors proved 
to be structurally related to TGF-/J. This family now includes embryogenic 
morphogens, regulators of endocrine function, and broad-spectrum as 
well as specialized regulators of cell proliferation and differentiation. The 
distribution of TGF-/?-related factors is widespread in organisms from 
fruit flies to humans, and their evolutionary conservation is unusually 
strict. These factors appear to be involved in many processes of tissue 
development and repair. 

We have learned much about the structure, expression, and activity of 
the TGF-/?-related factors, and their implications in physiology, pathol- 
ogy, and therapeutics. Some glimpses of their receptors and mechanisms 
of action have been caught too. Herein I will attempt to appraise the 
current status of the studies of the TGF-j8 family and point out some 
directions, challenges, and opportunities for the future. 

THE TGF-/J SUPERFAMILY 
Prototype Structure 

The structural prototype for this gene superfamily is the protein that was 
first isolated from human platelets as TGF-/? (Assoian et al 1983), cloned 
from a human cDNA library (Derynck et al 1985), and later named TGF- 
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f}\ (Chcifciz ct al 1987). TGF-/? 1 isadisulfide-linked dimer of two identical 
chains of 1 12 amino acids. Each chain is synthesized as the C-terminal 
domain of a 390 amino acid precursor that has the characteristics of 
a secretory polypeptide; it contains a hydrophobic signal sequence for 
translocation across the endoplasmic reticulum and is glycosylated 
(Dcrynck etal 1985; Purchioet al 1988) (Figure I). The precursor cleavage 
site is a sequence of four basic amino acids immediately preceding the 
bioactive domain. 

This precursor structure is shared by all known members of the super- 
family with the exception of the TGF-/?4 precursor, which lacks a dis- 
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Figure 1 Precursor, latent, and bioactive forms of TGF-/? I. The TGF-/71 precursor consists 
of an N-terminal signal sequence (thin line), a pro-region (thick line) and the C-termina! 
bioactive domain (box). The approximate locations of the three N-linked glycosylate sites 
(K) in the pro-region and the 9 cysteines (C) in the bioactive domain are indicated. The 
intensity of the shadowing underlining the bioactive domain indicates the degree of amino 
acid sequence conservation throughout this domain in- the other members of the TGF-/? 
superfamily. After secretion, the cleaved pro-region remains associated with the TGF-01 
dimer forming a biologically latent complex. In platelets and certain ceil lines, the latent 
complex also contains a 125-190-kd glycoprotein of unknown function (shadowed). Bioactive 
TGF-01 IS released by disassembly of this complex. 
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cernable signal sequence (Jakowlew et al 1988b). The known TGF-/}- 
related factors can be grouped in four families according to their degree 
of structural or functional relationship (Table 1). Most of the amino acid 
sequence similarity between family members is in the C-terminal domain 
of the precursor. The degree of amino acid sequence identity in this domain 
ranges from 25 to 90% between different family members. The regions 
with highest homology are indicated in Figure 1. At least seven of the 
cysteines in this domain are conserved in all members of the superfamily, 
and ail nine cysteines are conserved in the TGFs-/? and the inhibin ji chains. 
Except in Miillerian inhibiting substance (MIS) (Gate et al 1986), this 
domain is cleaved to generate a mature polypeptide similar in size to 



Table 1 The TGF-/7 gene superfamily 



Gene 



Chromosome 



human mouse 



Bioactive dimers 



composition 



TGF-/? Family 

TGF-/7I I9ql3 
TGF-/f2 lq41 
TGF-03 14q24 
TGF-/J4 3 
TGF-/?5 b 

Inhibin Family 
a 



fiA 
PB 

DPP/VG1 Family 

DPP-C 

Vgl b 

vgr-1 

BMP-2 13 
BMP-3 2 
BMP-4 5 
BMP-5 14,X 
BMP-6 
BMP-7 

Miillerian Inhibiting Substance Family 
MIS 19 



TGF-/H 

TGF-02 

TGF-/?3 

(cDNA only) 

TGF-/J5 

TGF-/H.2 

Inhibin A 
Inhibin B 
Activin A 



homodimer 
homodimer 
homodimer 

homodimer 
heterodimer 

a.pA dimer 
a,pB dimer 
pA homodimer 



Activin AB PA.fiB dimer 

(cDNA only) 
(cDNA only) 
(cDNA only) 
BMP-2 homodimer 
homo or heterodimers 
(cDNA only) 
(cDNA only) 
homo or heterodimers 
homo or heterodimers 

MIS homodimer 



*, \ and c are from chick, Xenopus, and Drosophila, respectively. Chromosomal locations are from 
Dickinson el al (1990), Fujii et al (1986), Barton et al (1988) and ten Dijke et al (1988b). 
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mature TGF-/M. Most of the factors in the family have been isolated as 
dimers from natural or recombinant sources. 

The N-terminal pro-region of a given factor may be conserved between 
animal species but is usually divergent between different factors (Derynck 
e t al 1986; Cate et al 1986). Two potential functions of the pro-region are 
to assist in the folding of the bioactive domain during synthesis and, at 
least in the case of TGF-/?1, to bind the mature factor forming a latent 
complex (see below). 

TGFs-fl: Forms, Expression, and Regulation 
forms TGF-/? is a term that refers to the dimeric products of various 
genes, five to date, identified by isolation of the proteins or by cDNA 
cloning. TGF-/? was initially described as an activity produced by retro- 
virally-transformed cells (Roberts et al 1981), but it is now clear that 
TGFs-/? are expressed in many normal cells and tissues and that this 
expression is not a unique attribute of the transformed phenotype. TGF- 
p\ has been purified from human and porcine blood platelets (Assoian et 
al 1983), which are the richest source of TGF-/?1 (20 mg/kg), from human 
placenta (Frolik et al 1983), and bovine kidney (Roberts et al 1983). 

Porcine platelets (Cheifetz et al 1987) and bovine bone (Seyedin et al 
1987) yield TGF-/?2 in addition to TGF-/J1 . TGF-/?1 and 2 were identified 
in bone based on their cartilage-inducing activity, and they were named 
CIF-A and CIF-B before their identity with TGF-/J1 and 2 was known 
(Seyedin et al 1985). TGF-/J2 was also independently discovered by its 
activity as a growth inhibitor (Holley et al 1980) or as an immuno- 
suppressor (Wrann et al 1987). TGF-/J2 cDNAs have been cloned from 
human, monkey, and mouse libraries (de Martin et al 1987; Madisen et al 
1988; Hanks et al 1988; Miller et al 1989a). 

Human TGF-/J3 was identified first at the cDNA level (ten Dijke et al 
1988a; Derynck et al 1988) and was subsequently expressed in recombinant 
form (Graycar et al 1989; ten Dijke et al 1990). A chick embryo chon- 
drocyte cDNA library yielded cDNAs corresponding to TGF-/?3 and 
TGF-/J4 (Jakowlew et al 1988a,b). TGF-/?5 was identified as a cDNA from 
Xenopus laevis (Kondaiah et al 1990) and has been purified from Xenopus 
XTC cell cultures (Roberts et al 1989), Mammalian TGF-/J4 and 5 have 
not been described yet. The complexity of this family may be greatly 
amplified by the existence of additional members and by the formation of 
heterodimers between different TGF-/? gene products co-expressed in the 
same cell. The existence of the TGF-/?l/TGF-/?2 heterodimer (TGF-/? 1 .2) 
has been confirmed in porcine platelets (Cheifetz et al 1987). 



structural conservation The degree of identity between the five 
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mature TGF-/? sequences-ranges from 64% (TGF-/H vs TGF-/J4) to 82% 
(TGF-/J2 vs TGF-/?4) (Kondaiah et al 1990), but individually TGFs-/? are 
extremely well conserved. Thus there is > 97% identity between the mature 
TGF-/H sequences from various mammalian and avian species (Derynck 
et al 1987; Jakowlew et al 1988c), and the same is true for TGF-/?2 and 3 
(Madisen et al 1988; Jakowlew et al 1988a). Conservation is also evident 
at the genomic level. The TGF-/H gene in various mammalian species has 
a seven-exon structure (Derynck et al 1987; Van Obberghen-Schilling et 
al 1987) that is largely conserved in other TGF-/? genes (Derynck et al 
1988). This conservation suggests that the TGFs-/? arose by duplication 
of a common ancestor. The various TGF-/? genes, however, are located in 
separate chromosomes in both man and mouse (Table 1). 

Multiplicity of TGF-/? forms and sequence conservation within each 
form through evolution suggest important specific roles for each of the 
TGFs-/J. Differences are manifested in the pattern of expression of the 
various TGFs-j? in vivo (see below) and in their ability to interact with 
different cell surface receptors (Cheifetz et al 1987). Acting on cultured 
cells, TGF-/H, 2, and 3 often display similar activity and potency (Cheifetz 
et al 1987; Seyedin et al 1987; Graycar et al 1989), but show marked 
differences in certain cases (Ohta et al 1987; Ottmann & Pelus 1988; 
Tsunawakietal 1988; Jennings et al 1988; Cheifetz etal 1990). Differences 
between the activity of TGF-/?1 and 2 have also been noted in vivo (Rosa 
et al 1988). The high degree of conservation of the individual TGF-/? 
sequences suggests the existence of evolutionary pressure to retain certain 
specific features of each of these factors. Such features should become 
apparent from a better characterization of their individual activities and 
the resolution of their three-dimensional structures. 
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expression patterns Numerous cell types in culture express one or 
multiple forms of TGF-/?, at least at the mRNA level (Derynck et al 1988). 
In general, the pattern of expression of the different TGFs-/? varies with 
each cell type and does not appear to be uniform among cells of the same 
lineage. Expression of TGF-/? is active throughout embryonic development 
and into adulthood (Heine et al 1987; Rappolee et al 1988; Thompson et 
al 1989; Miller et al 1989a). Histochemical localization studies have shown 
expression of TGF-01 and TGF-/?2 mRNAs or proteins in discrete regions 
of many tissues with characteristic temporal patterns. In the mouse 
embryo, TGF-/H mRNA is detectable in lung, intestine, and kidney mes- 
enchymes, epithelial structures^ megakaryocytes, osteocytes, and centers 
of hematopoiesis (Lehnert & Akhurst 1988; Wilcox & Derynck 1988). 
TGF-/?2 mRNA is detectable in gastrointestinal and tracheal submucosal 
blood vessels, skin, cartilage, and bone (Pelton et al 1989). TGF-/? 
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•jminunoslaining is high in mesodermal structures including teeth, larynx, 
palate, heart valves, cartilages, bones, and hair follicles (Heine et al 1987) 
At least 12 tissues and organs from adult mouse show expression of 
inRNAs for TGF-/?1, TGF-/?2, and/or TGF-/?3 (Thompson et al 19S9; 
Miller et al I989a.b); TGF-/71 immunoreactivity is present in cells of the 
adrenal cortex, bone marrow, cardiac myocytes, chondrocytes, renal distal 
tubules, ovarian glandular cells, and chorionic cells of the placenta and 
in extracellular matrices of the cartilage, skin, heart, pancreas, placenta 
and uterus (Thompson et al 1989). The immunohistological distribution 
of a particular TGF-/? form does not always match the distribution of the 
corresponding mRNA, a discrepancy that could result from diffusion and 
accumulation of the protein away from the sites of synthesis, a lack of 
translation of the mRNA (Assoian et al 1987), or immune cross-reactivity 
with other forms of TGF-/?. 

control of activity The existence of mechanisms that tightly control 
the expression and activity of TGF-/? may be expected because numerous 
cell types express and can respond to these factors. TGF-/? expression and 
activity are controlled by (a) regulation of TGF-/! gene transcription 
(b) production of TGF-/? as a. latent factor, and (c) sequestration of acti- 
vatecfTGFs-/? by extracellular matrix and circulating proteins 

Transcription of the TGF-/?! gene can be stimulated by phorbol esters 
presumably via a protein kinase C-dependent pathway (Akhurst et al 
1988), and by TGF-/?1 itself (Van Obberghen-Schilling et al 1988) The 
5' region of the TGF-/?1 gene contains two transcription start sites 
(Kim et al 1989a); one promoter site located upstream of the first tran- 
scriptional start site and a second located between the two start sites (Kim 
et al 1989b), as well as several transcriptional inhibitory regions (Kim et 
al 1989a, 1990). Both promoters contain transcriptional enhancer elements 
that respond to induction by phorbol esters and TGF-/?1, or transacti- 
on by AP-1 (Kim et al 1990). Activation via these elements is mediated 
by binding of the (Jun-Fos) AP-1 complex (Kim et al 1990). Additional 
putative phorbol ester responsive elements are present in the 3' flanking 
region of the TGF-/? 1 gene (Scotto et al 1990). Since expression and activity 
otjun and /or genes are modulated by numerous factors including their 
Sr^wf tS ( Sassone - c °r*i et al 1988; Schiitte et al 1989) as well as 
1GF-/J1 (Pertovaara et al 1989), these mechanisms have the capacity to 
hnely tune TGF-/?1 expression in response to diverse stimuli. 
,a the e XCeption of platelets, where TGF-/? is stored in a-granules 
(Assoian & Sporn 1986), the TGFs-/? appear to be released from cells via 
a const,tutive secretory pathway. TGF-/?1, however, is released from either 
Platelets or cultured cell lines as part of an inactive complex unable to 
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mcsodcrm-inducing activity in mid-blastula Xenopus embryo explains . 

(Smith et al 1990.1. 

The. antagonistic activity of inhibins and activins raises questions con- 
cerning their mode of action. Do these factors oppose each other by acting 
throuch receptors that produce signals of opposite sign, or do they compete 
antasonistically for the same receptors? Activins are antagonized not only 
by inhibins but also by follistatin, an activin-binding protein found in 
follicular fluid and other tissues (see below). Thus, as in the case of TGF- 
P, complex mechanisms appear to ensure a tight" control of the activity of 
these factors. 



Decapentaplegic, Vgl, and BMP s 

The biology of these TGF-/?-related factors underscores the role of certain 
members of this family as morphogens in arthropod and vertebrate devel- 
opmental processes. The decapentaplegic (DPP) gene complex encodes 
important functions in embryonic as well as larval Drosoplula pattern 
formation. Mutations in various regions of the DPP gene complex result in 
failed dorsal-ventral patterning during early embryogenesis and defective 
patterning of the larval imaginal disks (Spencer et al 1982). The mutations 
affect c/J-regulatory elements that control the expression of a set of over- 
lapping transcripts. The product encoded by these transcripts has the 
predicted structure of a TGF-/?-related molecule, with a C-terrrunal 
sequence that is 36% identical to the mature TGF-/J1 sequence (Padgett 

etal 1987). . 

Another member of the family, Vgl, is involved in embryonic devel- 
opment in Xenopus lacvis. Vgl is encoded by a maternally inherited mRNA 
that is restricted to the vegetal (endodermal) pole of the embryo (Weeks 
& Melton 1987). The Vgl product is -38 and -50% identical, respec- 
tively to TGF-01 and DPP. The presence of maternal Vgl mRNA persists 
through the process of mesoderm induction, in which it may participate, 
and declines sharply after gastrulation (Melton 1987). Vgr-1, a mouse 
cDNA isolated by its homology to Vgl , encodes a product whose predicted 
C-terminal domain is roughly as similar (-60% identity) to the cor- 
responding sequence in the Vgl product as to the DPP product and 
to BMP-2 (Lyons et al 1989). Vgr-1 expression in the mouse increases 
throughout development and into adulthood in many tissues and is 
induced during endodermal differentiation of F9 teratocarcinoma cells 

Bone has a unique capacity for self-restoration. An activitj ' extract 
from bone, and designated bone morphogenetic protein (BMP), nduces . 
chemotactive, proliferative, and differentiate responses that ■ 
with the transient formation of cartilage followed by accumulation ot bon , 
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with hematopoietic marrow (Wozney 1989). This process is quite distinct 
from promotion of growth of preexisting bone, an action that can be 
induced by various growth factors and hormones including TGF-/M. Puri- 
fied BMP preparations contain multiple component polypeptides (Wang 
et al 1988). N-terminaL sequencing and molecular cloning of these com- 
ponents has shown that with the exception of BMP-1, the BMPs are 
members of the TGF-/? superfamily and are particularly similar to DPP 
and Vgl (Wozney et al 1988; Wozney 1989). The predicted amino acid 
sequences of human and bovine BMP-2 (formerly BMP-2A) and BMP-4 
(formerly BMP-2B) show the highest degree of C-terminal domain identity 
(-75%) with Drosophila DPP, and they may represent the mammalian 
counterparts of this protein. BMP-5, 6, and 7 are closely related to each 
other and, like BMP-3 (also named osteogenin, Luyten et al 1989), show 
~60% identity in their C-terminal domain with BMP-2 (Wozney 1989). 
BMP-2, 3, 6, and 7 have been isolated from human and/or bovine bone 
and are bioactive as TGF-/?-like homodimers or heterodimers. BMP-4 and 
5 are "known only at the cDNA level. Physiologically, BMPs may act in 
concert with other factors to induce properly balanced bone formation. 
Recombinant BMP-2 implanted alone, however, is sufficient to induce 
ectopic bone production (Wang et al 1990). 

Miillerian Inhibiting Substance 

Miillerian inhibiting substance (MIS), also known as anti-Miillerian hor- 
mone, was identified and later purified based on its ability to induce 
regression of the primordium of female genitalia, the Miillerian duct, in 
mammalian male embryos (Blanchard & Josso 1974). MIS is produced by 
Sertoli cells of the fetal and adult testis and by ovarian granulosa cells 
after birth (Blanchard & Josso 1974; Vigier et al 1984). The deduced 
sequence of MIS C-terminal domain is ~25% identical to that of the 
other TGF-£- related factors. Purified from testes, MIS is a disulfide-linked 
homodimer of 70-74-kd glycosylated chains that, in contrast to the other 
TGF-/?-related factors, contains the glycosylated N-terminal extension 
uncleaved from the C-terminal domain (Cate et al 1986). Recombinant 
MIS expressed in cultured cells, however, can undergo TGF-/Mike pro- 
teolytic processing (Pepinski et al i 988). It is conceivable that the bioactive 
MIS entity could be generated by cleavage of the precursor at the sites of 
action in vivo. 

In addition to its activity as a regulator of gonadal morphogenesis, MIS 
can act on ovarian endocrine differentiation. In organ culture, MIS induces 
endocrine sex reversal in fetal ovaries with release of testosterone instead 
of estradiol (Vigier et al 1989). This action appears to result from decreased 
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Control of Cell Proliferation 

The concept that cell proliferation can be restrained not only by limitations 
in the supply of mitogenic stimuli, but also by the action of negative growth 
regulators (Holley et al 1980), has been substantiated by the identification 
of TGFs-/? as some of the most potent growth inhibitors known to date 
(Tucker et al 1984). All TGF-/? forms tested display reversible growth 
inhibitory activity in normal as well as transformed epithelial, endothelial, 
fibroblast, neuronal, lymphoid, and hematopoietic cell types (Tucker et al 
1984; Moses et al 1985; Roberts et al 1985; Shipley et al 1986; Kehrl et al 
1986a; Frater-Schroder et al 1986; Carr et al 1986; Cheifetz et al 1987, 
1990; Knabbe et al 1987; Ohta et al 1987; Kimchi et al 1988; Graycar et 
al 1989). In certain cell lineages, TGF-/? opposes the action of specific 
mitogens such as EGF in keratinocytes (Coffey et al 1988), IL-i and IL-2 
in lymphocytes (Ristow 1986; Kehrl et al 1986a,b; Wahl et al 1988), and 
IL-3, GM-CSF, and CSF-1 in hematopoietic progenitor cells at different 
stages of differentiation (Ohta et al 1987; Keller et al 1988). The extent of 
the growth inhibitory response to TGF-/? varies with the cell type and 
reaches a virtual growth arrest in certain lung epithelial cells, lung fibro- 
blasts and keratinocytes (Tucker et al 1984; Shipley et al 1986; Chambard 
& Pouyssegur 1 988). TGF-/? acts by lengthening or arresting the G 1 phase 
of the cell cycle (Shipley et al 1985; Nakamura et al 1985; Heimark et al 
1986; T. Lin et al 1987; Laiho et al 1990). 

Evidence for an antiproliferative action of TGF-/J1 in vivo has been 
obtained with inert polymer beads impregnated with TGF-/?1 and 
implanted near the epithelial end buds of immature mammary glands 
(Silberstein & Daniel 1987). Also, intravenous injection of TGF-/?1 or 2 
has a negative effect on the proliferative response of regenerating rat liver 
(Russell et al 1988). TGF-/?1 mRNA is expressed in terminally differ- 
entiating cells adjacent to the suprabasal layer of phorbol ester-treated 
epidermis, which suggests a role in epidermal cell withdrawal from the 
proliferative state (Akhurst et al 1988). TGF-/? is expressed in apical cells 
from enteric villi but not in proliferative crypt enterocytes (Barnard et al 
1989). The antiproliferative action of TGF-/? on B-lymphocytes (Kehrl et 
al 1986a), T-lymphocytes (Kehrl et al 1986b), and thymocytes (Ristow 
1986) is one of the components of the immunosuppressive activity that 
these factors display in vitro and in vivo (Wrann et al 1987; de Martin et 
al 1987) (see below). 

TGF-)? can also stimulate cell proliferation although, as mentioned 
above, the mitogenic effect may be secondary to other cellular responses. 
TGF-/? stimulates proliferation of NRK-49F and AKR-2B fibroblasts 
plated in a semisolid medium (Roberts et al 1981; Moses et al 1981) or in 
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Figure 2 Cell adhesion molecules whose expression is regulated by TGF-/S 



chondrogenic differentiation in response to TGF-/H and 2 (Seyedin et al 
. So 1. matnX ^Proteins, whose synthesis is elevated in response 
to 10F-/J1, include osteopontin (Noda et al 1988), osteonectin (Noda & 

t i ,o™ 87) ' tenaSdtl (PeafSOn Ct 31 1988 ). thrombospondin (Penttinen 
et al 1988) and the chondroitin/dermatan sulfate proteoglycans, biglycan 
U*<j I) and decorin (PG II) (Bassols & Massague 1988). 
Elevated levels of mRNA for these proteins are observed within 3-5 hr 
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thymocytes treated with TGF-/? bind more readily to fibronectin-coated 
tissue culture dishes, and their attachment can be prevented by short 
synthetic RGD-containing peptides, which indicates that adherence is 
mediated by integrins (Ignotz & Massague 1987). Integrins are hetero- 
dimeric membrane glycoproteins that consist of one 130-200-kd a subunit 
and one 90-130-kd /? subunit. At least four distinct /? integrin subunits 
exist in human cells, each one able to pair with various a subunits that 
confer ligand-binding preference to the resulting ap integrin complex. 
Many integrins function as adhesion receptors for extracellular matrix 
components including fibronectin, collagen, laminin, vitronectin, fibrino- 
gen, von Wijlebrand factor, and other as yet unidentified matrix com- 
ponents. Integrins that have a pi subunit function as cell-cell adhesion 
receptors in lymphocytes. Most cell types express various integrins sim- 
ultaneously, each cell type having a characteristic complement of these 
receptors. 

TGF-/? induces marked alterations in the repertoire of integrins ex- 
pressed in many cell types, primarily by increasing the mRNA levels of 
individual subunits (Ignotz & Massague 1987; C. J. Roberts et al 1988; 
Heino et al 1989; Ignotz et al 1989). TGF-/? can alter the expression of all 
integrin subunits examined to date. These include (a) a, through a 6 sub- 
units and the subunit, which combine to generate receptors for fibro- 
nectin, collagen, laminin, and other extracellular matrix molecules; (b) a v 
and /? 3 subunits that form a vitronectin receptor; and (c) the a L subunit 
that combines with p 2 to constitute LFA-1, a cell-cell adhesion receptor 
that binds to intercellular adhesion molecule ICAM-1 on the surface of 
other lymphoid cells. Correct assembly of integrins is required for their 
expression on the cell surface. If some subunits are available in limited 
amounts, the unassembled excess of other subunits is degraded even before 
they transit through the Golgi apparatus. Since several integrins may share 
a common pool of/? subunits, the relative change in cell surface integrin 
levels induced by TGF-/? depends not only on the changes in the rate of 
synthesis of individual subunits, but also on the balance of the various a 
and p subunits produced by the cell (Heino et al 1989). 

The susceptibility of individual integrins to up-regulation by TGF-/? 
depends on the cell type (Heino et al 1989). The expression of a given 
integrin subunit may not be elevated in a given cell type, or may even 
be strongly down-regulated, as is the case of the a 3 subunit in MG-63 
osteosarcoma cells (Heino & Massague 1989). Through this set of up- and 
down-regulatory events TGF-jS can alter the repertoire of cell adhesion 
receptors and the ability of cells to interact with other cells and extracellular 
matrices. 
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Control of Cell Phetwtype 

Initial reports of TGF-/?1 influencing cellular differentiation processes 
(lenotz & Massague 1985; Seyedin et al 1985; Masui et al 1986) and the 
expression of differentiated functions (Rook et al 1986; Hotta & Baird 
1986) led to studies showing that the differentiative potential of many cell 
lineages can be affected by TGF-/? in vitro. Table 2 includes a summary 
of cell lines or primary cell cultures whose differentiation is regulated, 
positively or negatively, by TGF-/?. In addition, the table lists various 
specialized functions of terminally differentiated cells that are affected by 
these factors 

General features of the inhibitory action of TGF-/? on cell differentiation 
have been denned in studies on preadipocytes and myoblasts. Mouse 3T3- 
Ll preadipocytes (Green & Meuth 1974) and rat L 6 E 9 skeletal muscle 
myoblasts (Nadal-Ginard 1978) can be induced to differentiate, respec- 
tively, into mature adipocytes and multinucleated myotubes Differ- 
entiation becomes complete within 3-4 days after induction. When these 
cells are induced to differentiate in the presence of picomolar concen- 
trations of TGF-/?, differentiation is blocked (Ignotz & Massague 1985; 
Massague et al 1986; Florini et al 1986). TGF-/H can be added as late as 
30 hr post-induction and still block preadipocyte differentiation. Once-3T3- 
Ll cells become committed to differentiate, however, they are refractory to 
the inhibitory action of TGF-/J1. Like preadipocytes, L 6 E 9 myoblasts go 
through a critical temporal point after which differentiation will proceed 
even in the presence of TGF-/?. This refractoriness to TGF-/? is not due to 
a loss of receptors since 3T3-L1 adipocytes and L 6 E 9 myotubes continue 
to express TGF-/? receptors I and II at levels similar to those of the undil- 
ferentiated counterparts, and they continue to show various biochemi- 
cal responses to TGF-/?, such as elevation of extracellular matrix protein 
expression (Ignotz & Massague 1985; Massague et al 1986) Inhibition of 
differentiation is not secondary to effects of TGF-/J1 on eel proliferation, 
and it is reversible once TGF-/?1 is removed (Ignotz & Massague 1985; 
Massague et al 1986; Florini et al 1986). The inhibitory effect .of TGF-/? 
on 3T3-L1 and L 6 E 9 cell differentiation correlates with a marked alteration 
in the expression of extracellular matrix proteins and cell adhesion recep- 
tors (Ignotz & Massague 1986, 1987; Ignotz et al 1987). The possible 
participation of this response in mediating the anti-differentiat.ve action 
of TGF-/? is discussed below. . 

TGF-/? is thought to favor chondrogenesis and osteogenesis, and it 
exerts positive effects on these cell lineages in vitro (Seyedin et al 1985, 
Pfeilschifter et al 1987); however, TGF-/? can inhibit the ^expression of 
osteogenic differentiation markers in some cell lines (Noda & Rodan 198 /, 
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Tabic 2 Effects of TGF-/? I on cell phenotype 



Cell type 3 



Function 



Effect of 
TGF-/? b 



References 



Prca dipocytes 

(3T3-Ll,Ba!b/c3T3. 

TAI) 
Skeletal muscle 
blasts 

(L 6f L„ C2. BC,HI) 
Muscle satellite cells 
Prechondroblasts 
Osteoblastic 

osteosarcoma 

(ROS 17/2.8) 
Osteoblasts (MC3T3LI) 

Intestinal epithelial cells 
(IEC-6) 

Megakaryocytes 

Hematopoietic 
progenitor cells 
(B6Sut-A, 32D-c!3) 

Bronchial epithelial cells 

Natural killer cells 

B-lymphocytes 

Lymphocyte-activated 

killer cells 
Monocytes 
Macrophages 
Endothelial cells 
Keratinocytes 

Adrenocortical cells 

Leydig cells 

Granulosa cells 
Pituitary cells 
Adipocytes (TAM) 



Differentiation 



myo- Differentiation 



Differentiation 
Differentiation 
Differentiation 



Differentiation 

Differentiation 

Differentiation 
Differentiation 

associated with 

proliferation 
Differentiation 
markers 
Cytolysis 
Ig production 
Cytokine production 

Cytokine production 
Respiratory burst 
Invasion 
Keratinogcnesis 

Steroidogenesis 

Steroidogenesis 

Steroidogenesis 
FSH production 
Upogenesis 



Ignotz& Massague 1935; 

Sparks & Scott 1986; 

Torli et al 1989 

Massague ct al 1986; 

Olson et al 1986; 

Florini et al 1986 

Allen & Boxhorn 1987 
+ Seyedin et al 1985 
+ Pfeilschifteret al 1987 



Noda & Rodan 1987; 
Rosen et al 1988 
+ Kurokowa et al 1987; 
Barnard el al 1989 

- Ishibashi et al 1987 
Ohtaetal 1987; 
Keller et al 1988; 
Oltmann& Pelus 1988 

+ Masui et al 1986; 
Jetten et al 1986 

- Rook etal 1986 
Kehrl et al 1986a 

- Espevik et al J988 

+ Wahl etal 1987 

- Tsunawaki etal 1988 

- Mulleret al 1987 

+ Reiss & Sartorelli 1987; 

Mansbridge & Hanawalt 1988 

Hotta & Baird 1986; 

Feigeet al 1987 

Linn et al 1987; 

Avallet et al 1987 
+ Ying etal 1986a 
+ Ying etal 1986b 

- Torti et al 1989 



■Continuous cell lines are indicated in parentheses. > - inhibition; +( stimulation. 

^^T^Tnfl AIternativel * the * ™^ ^flect a distortion 
conditions. Of course, the latter consideration also applies to the other 
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diflerentiative processes that are affected by TGF-/? in vitro. In vitro 
systems may demonstrate the existence of biochemical mechanisms that 
couple TGF-/? to the control of cell phenotype, but in vivo studies are 
necessary to establish the response that activation of these mechanisms by 
TGF-/? will ultimately induce in the physiologic setting. 

Physiology and Pathology 

embryogenesis TGFs-/? are expressed throughout embryogenic devel- 
opment, and their receptors are ubiquitously distributed. This, and the 
ability of TGF-/? to control DNA replication, cell differentiation, cell 
adhesion, and extracellular matrix layout suggest a broad role for TGF-/? 
in the generation and modification of extracellular cues that guide the 
morphogenic events of embryogenesis. Thus far, however, the evidence 
that TGFs-/? play a critical role in embryogenesis remains correlative in 
nature. 

Expression of TGFs-/? is high in sites undergoing intense development 
and morphogenesis. These include sites of chondrogenesis and osteo- 
genesis: long bone growth plates or somites developing into vertebrae 
(Ellingsworth et al 1986; Heine et al 1987; Sandberg et al 1988), hem- 
atopoietic organs (Ellingsworth et al 1986; Wilcox & Derynck 1988), and 
epithelial/mesenchymal interfaces (Lehnert & Akhurst 1988; Pelton et 
al 1989). That early embryo tissues are responsive to TGF-/? has been 
demonstrated by addition of mammalian TGF-/?1 (together with fibroblast 
growth factor) or TGF-/?2 to ectoderm explants from Xenopus laevis 
embryos. These additions promote the generation of mesoderm (Kimel- 
man & Kirschner 1987; Rosa et al 1988). 

TISSUE REPAIR, INFLAMMATION, AND ANGIOGENESIS TGFs-/? Stored at high 

levels in platelets (Assoian et al 1983; Cheifetz et al 1987) or expressed in 
activated monocytes and macrophages (Assoian et al 1987; Tsunawaki et 
al 1988) can be physiologically delivered to sites of wound healing or 
inflammation. The constant remodeling and recycling of bone matrix and 
marrow, or their repair, are accessible to control by TGFs-/? that are 
abundantly present in these tissues (Seyedin et al 1985; Thompson et al 
1989). The activity of TGF-/? as a promoter of extracellular matrix depo- 
sition and a regulator of cell migration and development probably plays 
a major influence in these processes. In addition, TGF-/?1 is an extremely 
potent chemoattractant for monocytes (Wahl et al 1987) and, to a lesser 
extent, fibroblasts (Postlethwaite et al 1987). TGF-/?1 may attract these 
cells to sites of inflammation and repair. Indeed, administration of TGF- 
/?1 into wound chambers, subcutaneously, or to incisional wounds, stimu- 
lates the accumulation of granulation tissue and cellularization of the 
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wound bed and accelerates the wound healing response in general (Sporn 
et al 1983; Roberts et al 1986; Mustoe et al 1987). 

Directly or through other cells that it attracts and stimulates, TGF-/?] 
can induce formation of new blood vessels in vivo (Roberts et al 1986). 
This response might seem paradoxical given the strong growth inhibitory 
effect of TGF-/?1 and TGF-/?3 on endothelial cell monolayer cultures 
(Frater-Schroder et al 1986; Heimark et al 1986; Cheifetz et al 1990). It 
has been noted, however, that under certain culture conditions endothelial 
cells are not growth-inhibited by TGF-/?1 and tend to organize into tubular 
structures reminiscent of an angiogenic process (Majack 1987; Madri et al 
1988). 

immunosuppression The observation that glioblastoma is frequently 
accompanied by immunosuppression led to the isolation of TGF-/?2 as a 
glioblastoma cell-derived suppressor of T cells in vitro (Wrann et al 1987; 
de Martin et al 1.987). Both TGF-/J1 and TGF-02 exhibit activities in 
vitro that are consistent with an immunosuppressive action in vivo. These 
include the antiproliferative effects on thymocytes, T- and B-lymphocytes 
described above, as well as multiple negative effects on differentiated 
functions of B-lymphocytes, natural killer cells, lymphocytes activated 
killer cells, and macrophages, as described in Table 2 and references 
therein. The importance of the TGF-/? contribution to the pathophysiology 
of immunosuppression remains to be determined. 

fibrosis A localized excess of TGF-/? activity in tissues could lead to an 
unbalanced deposition of extracellular matrix and contribute to a variety 
of fibrotic disorders. A case in point is the condition known as proliferative 
vitreoretinopathy (PVR) (Connor et al 1989). PVR occurs in 10% of eyes 
that undergo surgery for retinal detachment, and it leads to excessive 
intraocular fibrosis and blindness. The levels of TGF-/? activity in PVR 
are threefold higher than normal; this activity appears to correspond to 
TGF-/?2. Injection of TGF-/? into the vitreous cavity of test animals pro- 
duces a PVR condition (Connor et al 1989). Detailed studies of other 
fibrotic disorders might reveal a wider role of TGF-/? in these disorders. 

oncogenesis Unrestricted cell growth caused by the lack of TGF-/? 
growth inhibitory activity is perhaps the most important of the possible 
consequences that would derive from a pathological loss of TGF-/? 
function. Such loss could be caused by defects in TGF-/? expression or 
activation, or defects at the TGF-/? receptor or post-receptor levels. The 
level of TGF-/? expression varies widely among normal cell lines, however, 
and many normal cell lines are unable to activate the latent TGF-)? that 
they produce in vitro. These facts generate some uncertainty in assessing 
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EXPERIMENTALLY INDUCED RECEPTOR MUTANTS The phenotype of various 
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receptors and II in signal transduction (Boyd & MaL au ?989 M 
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responses to TGF-/^P .ediated by multiple unrelated rcccptoi^P . 

Given that TGFs-/? are dimeric, it is possible that a single TGF-/J molecule 
could simultaneously interact with the two receptor components I and II. 

T(;r-/( rfceptor regulation Loss of individual TGF-/? receptors in 
retinoblastoma cells (Kimchi et al 1988) suggests the existence of mech- 
anisms that regulate TGF-/J receptor expression. The available evidence, 
however, suggests that the expression and dynamics of TGF-/? receptors 
are in general not highly regulated. TGF-/J receptors do not appear to 
display the acute regulation by homologous and heterologous ligands that 
is commonly seen in receptors for some other growth factors. This is 
despite the fact that receptor-bound TGF-/J is rapidly internalized and 
degraded (Frolik et al 1984; Massague & Kelly 1986). TGF-0 binding 
increases during differentiation of murine embryonal carcinoma cells 
(Rizzino 1987) and during T cell activation (Kehrl et al 1986b). Adreno- 
cortical cells show increased TGF-j? binding to all three receptor forms 
following stimulation with adrenocorticotropic hormone (Cochet et al 
1988). Loss of betaglycan, or gain of betaglycan with loss of receptors 
I and II have been described, respectively, in smooth muscle cells and 
vascular endothelial cells as a function of cell density (Goodman & 
Majack 1989; Muller et al 1987). Other investigators, however, have not 
observed effects of cell density on TGF-/? receptors in vascular endo- 
thelial cells (Segarini et al 1989). Changes in receptor profile as a function 
of cell density do not appear to be a general phenomenon (S. Cheifetz, 
personal communication). 

Bet agly cans: Proteoglycans with High Affinity for TGF-fi 
In many cell lines, the most abundant cell-surface TGF-/?-binding com- 
ponent is betaglycan (Massague 1985; Massague & Like 1985; Cheifetz et 
al 1986; Fanger et al 1986). Betaglycan is heterogeneous in nature and 
typically runs on SDS-polyacrylamide gels as a broad band with an average 
mass of 280-330 kd. One of the remarkable characteristics of betaglycan 
is that it is an integral membrane proteoglycan consisting of approximately 
200 kd of glycosaminoglycan (GAG) chain mass and 10 kd of N-linked 
clycans attached to a heterogeneous core polypeptide of 1 00-1 20 kd (Sega- 
rini & Seyedin 1988; Cheifetz et al 1988a). Betaglycan may contain only 
one class of glycosaminoglycan chains, but most betaglycan forms contain 
heparan sulfate as well as chondroitin sulfate GAG chains in a proportion 
that varies in different cell types (Cheifetz & Massague 1989). In some 
cell lines, betaglycan appears to be part of a disulfide-linked complex 
(Massague 1985; Fanger et al 1986). In contrast to receptors I and II, 
betaglycan shows similar affinity for TGF-/J1, 2, and 3 in many cell lines 
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relative potency ofthese factors to regulate FSH production in rat pituitary 
cell cultures (Ling et al 1 986; Ying et al 1 986a). The presence of this receptor 
in primary pituitary cells could not be determined, and its biological 
significance remains to be determined. 

Activin receptors (K if = 30 pM, 3,200/cell) are present in murine F5- 
5 erythroleukemia cells (Hino et al 1989). Binding of activin-A to these 
receptors is not inhibited by TGF-/J1, which is in agreement with the 
inability of TGF-/H to mimic activin action on erythroblastic cells (Eto et 
al 1987). Cross-linking of these receptors with radiolabeled activin yields 
two major labeled products of 67 and 76 kd, respectively; a pattern that 
is reminiscent of that for the affinity-labeled TGF-/J receptors I and II. 
This resemblance raises the possibility that receptors for the activins and 
inhibins, the TGFs-/? and, perhaps, the other factors of this large family 
have structural features in common. 

An activin-binding protein isolated from rat ovary by activin-affinity 
chromatography is follistatin (Nakamura et al 1 990). Foltistatin is a soluble 
35-kd glycoprotein that was initially identified by its ability to inhibit FSH 
production by the pituitary gland. Follistatin binds activin with high 
affinity {K d = 590 pM) and blocks its FSH-inducing activity in the pituitary 
(Nakamura et al 1990). Thus the action of activin appears to be tightly 
regulated by two types of antagonists, the inhibins and follistatin. 

MECHANISM OF TGF-jS ACTION 

Based on the structural and functional homologies of the members of the 
TGF-/? superfamily, it is likely that these factors interact with a family of 
structurally related receptors. The unique range of biological activities 
displayed by these factors suggests the possibility that their signal trans- 
duction mechanisms might be quite distinct from others presently known. 

The Cytoplasmic Response 

The primary signal transduction mechanism of TGF-/? receptors is not 
known. Several efforts to determine whether enzymatic activities and 
second messengers that are directly involved in signaling by other hormone 
and growth factor receptors might be coupled to TGF-fi receptors have 
met with negative results (Like & Massague 1986; Chambard & Pouyssegur 
1988; Fanger et al. 1986; J. Massague, unpublished work). Interestingly, 
agents that increase cAMP accumulation block induction of c-sis by TGF- 
Pl in vascular endothelial cells (Daniel et al 1987). Inhibition of TGF-jJl- 
induced-c-jw expression by cholera and pertussis toxins has been reported 
in AKR-2B fibroblasts (Murthy et al 1988; Howe & Leof 1988; Howe 
et al 1990). These toxins catalyze ADP-ribosylation and inactivation of 
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ticular gene to TGF-/i. For example, transcription of c-jim and junB can 
be elevated by TGF-/J, but whether one or both of these genes will respond, 
and with what kinetics, depends on the cell type (Pertovaara et al 1989; g 
Kim et al 1990; Li et al 1990). A survey of numerous integrins has shown & 
that expression of most of them can be elevated by TGF-/J1 action, but ^ 
only a subset of the integrins expressed in a given cell type may respond |j 
to this factor (Heino et al 1989; Ignotz et al 1989). Expression of the oc 3 | 
integrin subunit in MG-63 osteosarcoma cells is inhibited by TGF-/H even |- 
though TGF-/H elevates expression of this integrin subunit in other cell I 
types and elevates expression of other integrins in MG-63 cells (Heino & 
Massague 1989). These responses appear to be at the transcriptional level 
(M. Bosenberg et al, unpublished), and it will be interesting to determine 
how TGF-/? controls positive or negative regulatory elements in each cell 
type. 

Third, some of the genes whose expression is regulated by TGF-fi encode 
transcription factors (c-jun, junB, fos, myc)< growth factors (PDGF-A, 
PDGF-B), or other products that can, in turn, generate a secondary 
nuclear response. Several of the proliferative and differentiative effects of 
TGF-j? probably follow from this secondary wave of nuclear events. 

Growth Suppression Mechanisms 

Various mechanisms have been proposed to explain the growth inhib- 
itory action of TGF-/?. Several reports have tentatively attributed this 
action to the ability of TGF-/? to decrease expression of mitogen recep- 
tors, e.g. EGF receptors in NRK rat fibroblasts (Assoian 1985), or PDGF 
receptors in bone marrow fibroblasts and 3T3 fibroblasts (Bryckaert 
et al 1988; Gronwald et al 1989). These effects may contribute to the 
growth-inhibitory response in some cell types, but evidence argues that 
they do not represent a general mechanism of growth inhibition by TGF- 
/?. Thus EGF-induced proliferation of lung epithelial cells and lung fibro- 
blasts is arrested by TGF-/J1 without altering EGF binding or an array of 
EGF-induced growth-related responses including activation of plasma 
membrane H + /Na + antiport, induction of c-fos and c-myc expression, 
activation of protein kinase C, or phosphorylation of ribosomal protein 
S6 (Like & Massague 1986; Chambard & Pouyssegur 1988 and personal 
communication). One report proposed that inhibition of NRK fibroblast 
proliferation is secondary to the action of collagen overproduced in 
response to TGF-jSl (Nugent & Newman 1989). Accumulation of a col- 
lagen-rich extracellular matrix in response to TGF-/?1 may affect the 
long term proliferative capacity of these cells, but the rate of collagen 
accumulation in fibroblasts is too slow to mediate rapid effects on the cell 
cycle. 
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Other approaches have, focused on identifying cell cycle events that are 
directly controlled by TGF-/? action. TGF-/M has been shown to inhibit 
the expression of certain growth-related genes, particularly c-mvc\ in endo- 
thelial cells, colon carcinoma cells, keratinocytes, and breast carcinoma 
cells (Takehara et al 1987; Fernandez-Pol et al 1987; Coffey et al 1988- 
Mulder et al 1988). TGF-/M inhibits c-myc gene transcription in mouse 
keratmocytes stimulated by EGF (Coffey et al 1988; Pietenpol et al 1990). 
This effect is involved in the growth inhibitory response of keratinocytes 
to TGF-/? (Pietenpol et al 1990). No negative response of c-myc has 
been observed in fibroblasts whose proliferation is blocked by TGF-/H 
(Chambard & Pouyssegur 1988; Sorrentino & Bandyopadhyay 1989). 
Although TGF-/? I can increase the expression of c-fos, c-jun and junB, 
these responses do not appear to correlate with effect* on cell proliferation 
(Pertovaara et al 1989; Kim et al 1990; Heino & Massague 1990). 

TGF-/? inhibits cell cycle progression by lengthening or arresting the G 1 
phase (Shipley et al 1985; Nakamura et al 1985; Heimark et al 1986; P. 
Lin etal 1987). In MvlLu lung epithelial cells, TGF-/?I acts by interfering 
with late Gl events (Laiho et al 1990). Significant among these events 
is phosphorylation of the retinoblastoma gene product, RB. The retino- 
blastoma gene encodes a product with presumptive growth suppressor 
activity (Dryja et al 1985; Friend et al 1986; Fung et al 1987; Lee et al 
1987). In normal cells, RB is expressed throughout the cell cycle, but exists 
in multiple phosphorylated forms that are specific for certain phases of 
the cycle (Ludlow et al 1989; DeCaprio et al 1989; Buchkovich et al 1989; 
Chen et al 1989). It is thought that the cell cycle regulatory (suppressive) 
activity of RB is regulated by cell cycle-dependent phosphorylation and 
dephosphorylation events (Buchkovich et al 1989; DeCaprio et al 1989; 
Ludlow et al 1990). Underphosphorylated RB is the form with presumed 
growth suppressive activity since it is prevalent in Gl and in growth- 
arrested cells (DeCaprio et al 1989; Buchkovich et al 1989; Chen et al 

1989) and is selectively bound by the transforming protein of SV40 virus 
T antigens which might inactivate it (Ludlow et al 1989). 

Studies based on these new insights have shown that TGF-jSl added to 
lung epithelial cells in mid to late Gl rapidly prevents the phosphorylation 
of RB scheduled for this time point and arrests cells in cycle (Laiho et al 

1990) . Furthermore, expression of T antigen in MvlLu cells does not 
prevent the effect of TGF-/? on RB phosphorylation, but prevents the 
growth inhibitory response presumably by blocking the growth suppressive 
activity of unphosphorylated RB. The extent of inhibition of RB phos- 
phorylation induced by TGF-/H in several cell lines (A549 lung adeno- 
carcinoma, MG-63 osteosarcoma, BSC-1 monkey kidney epithelial cells) 
is proportional to the intensity of their growth inhibitory response to TGF- 
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anisms leads to a block in the expression of a myogenic differentiation 
gene, such as myogenin in L 6 E 9 cells. The other mechanism is likely to 
involve TGF-/?-induced changes in cell adhesion that either block the 
action of myogenic differentiation gene products or prevent the function 
of other as yet unknown components of the myogenic differentiation 
pathway. 

PROSPECTS 

The TGF-/? gene superfamily undoubtedly will be more complex than we 
presently know it. Systematic searches for TGF-/?-reIated factors as well 
as serendipitous findings will soon outdate the information in Table 1. 
Current work is also aimed at gaining an understanding of the mechanisms 
that regulate expression of the various TGF-^-related factors, control 
activation of their latent forms, and their storage and clearance after 
release. This information is required to exploit the complex biology of 
these factors for therapeutic purposes. The spectrum of unique actions 
of the TGFs-/? suggests a plethora of potential useful applications in 
medicine, but more knowledge and a better understanding of the biological 
and chemical properties of these factors is needed to use them effectively. 
Some of the major tasks that lie ahead relate to the elucidation of the 
mechanisms of action of TGF-/?-related factors and the determinants of 
cellular responsiveness to them. How can TGF-/? regulate diverse tran- 
scriptional control factors and orchestrate a distinct pleiotropic nuclear 
response in each cell type? If, as the emerging evidence indicates, the 
components that drive the cell cycle are so remarkably conserved in organ- 
isms from yeast to humans, how can cells vary so much in their proliferative 
response to TGF-/?? Are the differences dictated by unique sets of bio- 
chemical components that couple TGF-/? receptors to gene expression and 
cell cycle control mechanisms in each cell type? The identification of the 
primary structures of the TGF-p receptors is likely to be accomplished 
soon. This should help identify the signal transduction components, and 
components beyond these, in the pathway of TGF-/? action. We anticipate 
a great deal of excitement as the study of the TGFs-/?, one of the most 
fascinating networks of intercellular communication by polypeptide 
factors, unfolds. 

Acknowledgments 

I am indebted to past and present members of my laboratory who have 
contributed to this field, in particular to Janet Andres, Anna Bassols, 
Frederick Boyd, Sela Cheifetz, Jyrki Heino, Ronald Ignotz, Marikki 



630 MASSAGUE 



Laiho, and David Ralph. Our primary contributions to this review were 
made possible by grants from the National Cancer Institute. I am also 
thankful to all colleagues who helped make this article reasonably up-to- 
date by providing copies of their most recent manuscripts. 



Literature Cited 

Akhurst, R. J., Fee, F., Balmain, A. 1988. 
Localized production of TGF-/? mRNA 
in tumor promoter-stimulated mouse epi- 
dermis. Nature 331: 363-65 

Allen, R. E., Boxhorn, L. K. 1987. Inhibition 
of skeletal muscle satellite cell differ- 
entiation by transforming growth factor- 
beta. /. Cell Phvsiol. 133: 567-72 

Andres, J. U Stanley, K., Cheifetz, S., 
Massague, J. 1989, Membrane-anchored 
and soluble forms of betaglycan, a poly- 
morphic proteoglycan that binds trans- 
forming growth factor-/?. J. Cell Biol. 109: 
3137-45 

Antonelli-Olridgc, A., Saunders, K. B., 
Smith, S. R. t D'Amore, P. A. 1989- An 
activated form of transforming growth 
factor-/? is produced by cocultures of 
endothelial cells and pericytes. Proc, Natl. 
Acad. Set. USA 86: 4544^8 

Assoian, R. K. 1985. Biphasic effects of type 
p transforming growth factor on epi- 
dermal growth factor receptors in NRK 
fibroblasts. /. Biol. Chem. 260: 961,3-17 

Assoian, R. K., Komoriya, A., Meyers, 
C A., Miller, D. M., Sporn, M. B. 1983. 
Transforming growth factor-beta in 
human platelets. J. Biol. Chem. 258: 7 155- 
60 

Assoian, R. K., Fleurdelys, B. E., Stevenson, 
H. C, Miller, P. J., Madtes, D. IC M et 
al. 1987. Expression and secretion of type 
beta transforming growth factor by acti- 
vated human macrophages. Proc. Natl. 
Acad. Sci. USA 84: 6020-24 

Assoian, R. K M Sporn, M. B. 1986. Type- 
beta transforming growth factor in human 
platelets: release during platelet degranu- 
lation and action on vascular smooth 
muscle ceils. J. Cell Biol. 102: 1712-33 

Attardi, B„ Keeping, H. S., Winters, S. J., 
Kotsuji, F M Maurer. R. A. Tren, P. 1989. 
Rapid and profound suppression of mess- 
enger ribonucleic acid encoding follicle- 
stimulating hormone p by inhibin from 
. primate Sertoli cells. Mol. Endocrinol. 3: 
2S0-87 

Avallet, O., Vigier. M., Perrard-Sapori, 
M. H., Saez, J. M. 1987. Transforming 
growth factor p inhibits Leydig cell func- 
tions. Biochem. Biophys. Res. Commun. 
146: 575-81 



Barnard, J. A., Beauchamp, R. D., Coffey, 
R. J., Moses, H. L. 1989. Regulation of 
intestinal epithelial cell growth by trans- 
forming growth factor-beta. Proc. Natl. 
Acad. Sci. USA 86: 1578-82 

Barton, D. E., Foellmer, B. E., Du, J., 
Tarnm, J., Derynck, R., Franke, U. 1988. 
Chromosomal locations of TGF-/J s 2 and 
3 in the mouse and human. Oncogene Res. 
3: 323031 

Bassols, A., Massague, J. 1988. Trans- 
forming growth factor-/? regulates the 
expression and structure of extracellular 
matrix chondoitin/dermatan sulfate pro- 
teoglycans. J. Biol. Chem. 263: 3039-^5 

Behringer, R. R., Cate, R. U Froelick, G. 
J., Palmiter, R. D., Brinster, R. L. 1990. 
Abnormal sexual development in trans- 
genic mice chromically expressing Muller- 
ian inhibitory substance. Nature 345: 
167-70 

Blanchard, M., Josso, N. 1974. Source of 
anti-Miillerian hormone synthesized by 
the fetal testis: Mullerian inhibiting activ- 
ity of fetal bovine Sertoli cells in culture. 
Pediatr. Res. 8: 968-71 

Boerner, P., Resnick, R. J., Racker, E. 1985. 
Stimulation of glycolysis and amino acid 
uptake in NRK-49F cells by transforming 
growth factor beta and epidermal growth 
factor. Proc. Nad. Acad'. Sci. USA 82: 
1350-53 

Boyd, F. T., Massague, J. 1989. Trans- 
forming growth factor-^ inhibition of epi- 
thelial cell proliferation linked to the 
expression of a 53-kD membrane receptor. 
J. Biol. Chem. 264: 2272-78 

Braun, T., Buschhausen-Denker, G., Bober, 
E., Tannich, E., Arnold, H. H. 1989. A 
novel human muscle factor related to but 
distinct from MyoDl induces myogenic 
conversion in 10TI/2 fibroblasts. EMBU 
J 8' 701—9 

Bryckaert, M. C, Lindroth, M., Lonn, 
Tobelem, G., Wasteson, A. 1988. Trans- 
forming growth factor (TGF-/?) decreases 
the proliferation of human bone marrow 
fibroblasts by inhibiting the pjatf. 1 "' 
derived growth factor (PDGF) binding- 
Exp. Cell Res. 179: 311-21 P 

Buchkovich, K., Duffy, L. A., Harlow, c. 
1989. The retinoblastoma protein is pnos- 



BEST AVAILABLE COPY 



phorylatcd during specific phases of ihe 
cell cycle. Cell 5S: 1097- 1 105 
Carr. B. I., Hayashi. I.. Branum, E. L., 
Moses, H. L. 1986. Inhibition of DNA 
synthesis in rat hepatocytes by platelct- 
dcrived type /? trans forminc Growth fac- 
tor. Cancer Res. 46: 2330-34 " 
Cate. R. L., Mattaliano. R. J.. Hession C 
Tizad. R., Farbcr. N. M, el al. 1986. Iso- 
lation of the bovine and human ecnes for 
Mullcrian inhibiting substance and expres- 
sion of the human gene in animal cells 
Cell AS: 685-98 
Centrella, M., McCarthy, T. L. Canalis, E. 
1987. Transforming growth factor /? is a 
Afunctional regulator of replication and 
collagen synthesis in osieoblast-enriched 
cell cultures from fetal rat bone. J Biol 
Chem. 262: 2869-74 
Chambard, J.-C, Pouyssegur, J. 1988. TGF- 
P inhibits growth factor-induced DNA 
synthesis in hamster fibroblasts without 
affecting the early mitogenic events. J. Cell 
Physiol. 135: 101-7 
Chcifetz, S., Andres, J. L., Massague, J. 
1988a. The transforming growth factor-/? 
receptor type II! is a membrane proteo- 
glycan. Domain structure of the receptor 
J. Biol. Chem. 263: 16984-91 
Cheifetz, S„ Bassols, A., Stanley, K., Ohta, 
-M„ Greenberger, J., Massaeue. J. 1988b' 
Heterodimeric transforming growth fac- 
tor-/?. Biological properties and interac- 
tion with three types of cell surface recep- 
tors. J. Bio/. Chem. 263: 10783-89 
Cheifetz, S„ Hernandez, H., Laiho M ten 
Dijke. P., et al. 1990. Determinants of 
cellular responsiveness to three trans- 
forming growth factor-/? isoforms. Role of 
serum factors and distinct TGF-/7 receptor 
subsets. J. Biol. Chem. In press 
Chcifetz, S., Like, B., Massague, J. 1986. 
Cellular distribution of type I and type II 
receptors for transforming growth factor- 
P. J. Biol. Chem. 261: 9972-78 
Chcifetz, S., Ling, N., Guillemin, R., 
Massague, J. 1988c. A surface compon- 
ent on GH-, pituitary cells that recognizes 
TGF-/?, activin and inhibin. J. Biol 
Chem. 263: 16984-91 
Chcifetz, S., Massague, J. 1989. The TGF-/f 
receptor proteoglycan. Cell surface expres- 
sion and ligand binding in the absence 
of glycosaminoglycan chains. /, Biol 
Chem. 264: 12025-28 
Cheifetz, S., Weatherbee, J. A., Tsang, M. 
L. S., Anderson, J. K., Mole, J. E. t et al. 
1987, The transforming growth factor-/? 
system, a complex pattern of cross-reac- 
tive hgands and receptors. Ce//48: 409-1 5 
Chen, J.-K., Hoshi, H., McKeehan, W. L. 
1987. Transforming growth factor-/? spe- 
cifically stimulates synthesis of proteo- 



THE TGF-/? FAMILY 



631 



glycan in human arterial smooth muscle 
cells. Proc. Nail. Acad. Sci. USA 84: 
5287-91 

Chen, P.-L.. Scully, P., Shew, J.-Y., Wang, 
J. Y. J., Lee,\V.-H. 1989. Phosphorylation 
of the retinoblastoma gene product is 
modulated during the cell cycle and cellu- 
lar differentiation. Celt 5$; 1193-98 

Chiang. C. P., Nilscn-Hamillon, M. 1986. 
Opposite and selective effects of epidermal 
growth factor-/? on the production of 
secreted proteins by murine 3T3 cells and 
human fibroblasts. J. Biol. Chem ?6L 
10478-81 ' " * 

Chiquet-Ehrismann, R., Kalla, P., Pearson 
C. A„ Beck, K., Chiquet, M. 1988. Ten- 
ascin interferes with fibronectin action 
Celt 53: 383-90 

Cochet, C, Feige, J.-J., Chambaz, E. M. 
1988. Bovine adrenocortical cells exhibit 
high affinity transforming growth factor- 
P receptors which are reeulated by adre- 
nocorticotropic J. Biol. Chem. 263: 5707- 

Coffey, R. J., Kost, L. J., Lyons, R. M 
Moses, H. L., LaRusso, N. F. 1987. Hep- 
atic processing of transforming growth 
factor-/? in the rat. J. Clin. Invest. 80: 750- 

Coffey, R. J. Jr., Bascom, C. C, Sipes, N. J. 
Graves-Deal, R., Weissman, B, E., Moses! 
H. L. 1988. Selective inhibition of growth- 
related gene expression in murine kera- 
tinocytes by transforming growth factor 
P. Mot. Celt. Biol. 8: 3088-93 

Connor, T. B„ Roberts, A. B., Sporn, M. B M 
Danielpour, D., Dart, L. L., et al, 1989. 
Correlation of fibrosis and transforming 
growth factor-/? type 2 in the eye. J. Clin 
Invest. 83: 1661-66 

Daniel, T. O., Gibbs, V. C, Milfay, D. F 
Williams, L. T. 1987. Agents that increase 
cAMP accumulation block endothelial 
c-sis induction by thrombin and trans- 
forming growth factor-/?. J. Biol. Chem. 
262: 11893-96 

Davis, R. L., Weintraub, H., Lassar, A. B. 

1987, Expression of a single transfected 
cDNA converts fibroblasts to myoblasts. 
CeltSU 987-1000 

Dean, D. C, Newby, R. F., Bourgeosis, S. 

1988. Regulation of fibronectin biosyn- 
thesis by dexamethasone, transforming 
growth factor-/?, and cAMP in human cell 
lines. J. Cell Biol. 106: 2159-70 

DeCaprio, J. A., Ludlow, J. W., Lynch, D. 
Furukawa, Y., Griffin, J., et al. 1989. The 
product of the retinoblastoma susceptibil- 
ity gene has properties of a cell regulatory 
element. Cell 5H: 1085-95 

de Martin, R., Haendler, B., Hofer-Warbi- 
nek, R M Gaugitsch, H., Wrann, M., et al. 
1987. Complementary DNA for human 



BEST ".ABLE COPY 



632 



MASS AGUE 



giioblustoma-dcrived T cell suppressor 
factor, a novel member of the trans- 
forming growth factor-/* gene family. 
7. 6: 3673-77 

Dcrvnck, R., Jarrelt, J. A., Chen, E. Y., 
Eaton, D. H., Bell, J. R., ct al. 1985. 
Human transforming growth factor-/? 
complementary DNA sequence and 
expression in normal and transformed 
cells. Nature 316: 701-5 

Derynck. R., Jarrctt, J. A„ Chen, E. Y., 
Gocddel, D. V. 1986. The murine trans- 
forming growth factor-/? precursor, y. 
Biol. Chem. 261:4377-79 

Derynck, R., Lindquist, P. B., Lee, A., Wen, 
D., Tamm, J., et al. 1988. A new type 
of transforming growth factor-/?, TGF-/J3. 
EM BO X 7: 3737-43 

Derynck, R., Rhee, U Chen, E. Y., Van 
Tilburg, A. 1987. tntron-exon structure of 
human transforming growth factor-/? pre- 
cursor gene. Nucleic Acids Res. 15: 3 1 88— 
89 

Diaz, A., Varga, J., Jimenez, S. A. 1989. 
Transforming growth factor-/? stimulation 
of lung fibroblast prostaglandin E 2 pro- 
duction, y. Biol. Chem. 264: 11554-11557 

Dickinson, M. E., Kobrin, M. S., Silan, C. 
M., Kingsley, D. M M Justice, M. J., et al. 
1990. Chromosomal localization of seven 
members of the murine TGF-/J super- 
family suggests close linkage to several 
morphogenetic mutant loci. Genomics In 
press 

Dryja, T. P., Rapaport, J. M., Joyce, J. M., 
Petersen, R. A. 1986. Molecular detection 
of deletions involving band q 14 of chro- 
mosome 13 in retinoblastomas, Proc. Natl. 
Acad. Sci. C/S/i 83: 7391-94 
Edwards, D. R., Murphy, G., Reynolds, J. 
J., Whitman, S. E., Docherty, A. J. P., et 
al. 1987. Transforming growth factor beta 
modulates the expression of collagenase 
and metalloproteinase inhibitor. EM BO 
J. 6: 1899-1904 
Elingsworth, L. R., Brennan, J. E., Fok, K ; , 
Rosen, D. M., Bentz, H., et al. 1986. Anti- 
bodies to the N-terminal portion of car- 
tilage-inducing factor A and transforming 
growth factor beta. J. Biol Chem. 261: 
12362-67 ^ ^ , 

Espevik, T., Figari, I. S., Ranges, G. E., Pal- 
ladino, M. A. 1988. Transforming growth 
factor- 1 (TGF-01) and recombinant 
tumor necrosis factor-alpha reciprocally 
regulate the generation of lymphokine- 
activated killer cell activity. J, Immunol. 
140:2312-16 
Eto, Y., Tsuji, T., Takezawa, M., Takano, 
S., Yokogawa, Y., Shibai, H. 1987. Puri- 
fication and characterization of erythroid 
differentiation factor (EGF) isolated from 
human leukemia cell line THP- 1 . Biochem. 



Biophys. Res. Commun. 142: 1095-1103 
Falanga, V., Ticgs, S. L.. Alsladt, S. P., 
Roberts, A. B., Sporn, M. B. 1987. Trans- 
forming growth factor-/?: selective in- 
crease in glycosaminoglycan synthesis by 
cultures of fibroblasts from patients with * 
progressive systemic sclerosis. J. Invest. 
Dermatol. 89: 10(M 
Faneer. B. O., Wakefield, L. M., Sporn. M. 
Br 1986. Structure and properties of the 
cellular receptor for transforming growth- 
factor type- beta. Biochemistry 25: 30 S3- 
91 

Feiee, J. -J., Cochet, C, Rainey, W. E., 
Madani, C, Chambaz, E. M. 1987. Type 
B transforming growth factor affects adre- 
nocortical cell-differentiated functions. J. 
Biol. Chem. 262: 13491-95 
Fernandez-Pol, J. A., Talkad, V. D., Klos, 
D. J., Hamilton, P. D. 1987. Suppression 
of the EGF-dependent induction of c- 
myc proto-oncogene expression by trans- 
forming growth factor f$ in a human breast 
carcinoma cell line. Biochem. Biophys. 
Res. Commun. 144: 1197-1205 
Florini, J. R., Roberts, A. B., Ewton, D. Z M 
Falen, S. L M Flanders, K. C, Sporn, M. 
B. 1986. Transforming growth factor-/?. A 
very potent inhibitor of myoblast differ- 
entiation, identical to the differentiation 
inhibitor secreted by Buffalo rat liver cells. 
J. Biol. Chem. 261: 16509-13 
Forage, R. G., Ring, J. M., Brown, P. W., 
Mclnerney, B. V., Cobon, G. S., et al. 
1986. Cloning and sequence analysis of 
cDN A species coding for the two subunits 
of inhibin from bovine follicular fluid. 
Proc. Natl. Acad. Sci. USA 83: 3091-95 
Frater-Schroder, M., Muller, G., Birch- 
meier, W., Bohlen, P. 1986. Transforming 
growth factor-/? inhibits endothelial cell 
proliferation. Biochem. Biophys. Res. 
Commun. 137: 295-302 
Friend, S. H., Bernards, R., Rogelj, S., Wein- 
berg, R. A., Rapaport, J. M., et al. 1986. 
A human DNA segment with properties 
of the gene that predisposes to retino- 
blastoma and osteosarcoma. Nature 323: 
643-46 ^ A 

Frolik, C. A., Dart, L. L., Meyers, C A ; , 
Smith, D. M., Sporn, M. B. 1983. Puri- 
fication and initial characterization of a 
type beta transforming growth factor from 
human placenta. Proc. Natl. Acad. Sci. 
USA 80: 3676-80 , 
Frolik, C. A., Wakefield, L. M., Smith, D. 
M., Sporn, M. B. 1984. Characterization 
of a membrane receptor for transforming 
growth factor-/? in normal rat kidney 
fibroblasts, y. Biol. Chem. 259: 10995- 
1000 , D 

Fujii, D., Brissenden, J. E., Derynck, K, 
Franke, U. 1986. Transforming growtn 




BEST AVAILABLE COPY 



THE TGF-/3 FAMILY 633 



factor-/* gene maps to human chromo- 
some 19 lone arm and to mouse chromo- 
some 7. Somat. Cell Mot. Genet. 12: 28 1 - 
88 

Fung, Y.-K. T.. Murphree, A. L., T'Ang, A., 
Qian, J.. Hinrichs, S. H., Benedict, W. F. 

1987. Structural evidence for the auth- 
enticity of the human retinoblastoma 
gene. Science 236: 1657-61 

Gentry, L. E.,.Lioubin, M. N., Purchio, A. 
F., Marquardl, H. 1988. Molecular events 
in the processing of recombinant type 1 
pre-pro-lransforming growth factor beta 
to the mature polypeptide. Mol. Cell BioL 
8:4162-68 

Goodman, L. V., Majack, R. A. 1989. Vas- 
cular smooth muscle cells express distinct 
transforming growth factor-/? receptor 
phenotypes as a function of cell density in 
culture. J. Biol. Chem. 264: 5241-44 

Gray, A. M,, Mason, A. V. 1990. Require- 
ment for activin A and transforming 
growth factor-/? I pro-regions in homo- 
dimer assembly. Science 247: 1328-30 

Graycar, J. L., Miller, D. A., Arrick, B. A., 
Lyons, R. M., Moses, H. L., Derynck, R. 
1989. Human transforming growth factor- 
/?3: recombinant expression, purification 
and biological acfivities in comparison 
with transforming growth factors 01 and 
02. Mol. Endocrinol. 3: 1977-86 

Green, H., Meuth, M. 1974. An established 
pre-adipose cell line and its differentiation 
in culture. Cell 3: 127-31 

Cronwald, R. G. K., Seifert, R. A, Bowen- 
Pope, D. F. 1989. Differential regulation 
of expression of two platelet-derived 
growth factor-/?. J. Biol. Chem. 264: 8120- 
25 

Hanks, S. K., Armour, R., Baldwin, J. H., 
Maldonado, F,, Spiess, J., Holley, R. W. 

1988. Amino acid sequence of the BSC-1 
cell growth inhibitor (polyergin) deduced 
from the nucleotide sequence of. the 
cDNA. Proc. NatL Acad. Set. USA 85: 
79-83 

Heimark, R. L., Twardzik, D. R., Schwarz, 
S. M. 1986. Inhibition of endothelial cell 
regeneration by type-beta transforming 
growth factor from platelets. Science 233: 
1078-1080 

Heine, U. I., Munoz, E. F., Flanders, K. C, 
Ellingsworth, L. R., Lam, H. Y. P., et al. 
1987. Role of transforming growth factor- 
0 in the development of the mouse 
embryo. J. Cell BioL 105: 2861-76 

Heino, J., Ignotz, R. A., Hemler, M. E., 
Crouse, C, Massague, J. 1989. Regulation 
of cell adhesion receptors by transforming 
growth factor-/?. Concomitant regulation 
of iritegrins that share a common 01 sub- 
unit. /. BioL Chem. 264: 380-88 

Heino, J., Massague, J. 1990. Cell adhesion 



to collagen and decreased myogenic gene 
expression implicated in the control of 
myoccnesis by TGF-0. J. BioL Chem. 265: 
In press 

Heino. J.. Massague, J. 1989. Transforming 
growth factor-/? switches the pallern of 
intcgrins expressed in MG-63 human 
osteosarcoma cells and causes a selective 
loss of cell adhesion to laminin. J. BioL 
Chem. 264:21806-11 

Hill, D. J.. Strain, A. J., Elstow, S. F., 
Swenne. I., Milner. R. D. G. 1986. Bi- 
functional action of transforming growth 
factor-/? on DNA synthesis in early pass- 
age human fetal fibroblasts. /. Cell. 
Physiol. 128: 322-28 

Hino, M., Tojo, A., Miyazono, K., Miura, 
Y., Chiba, S., et al. 1989. Characterization 
of cellular receptors for crythroid differ- 
entiation factor on murine erylhroleu- 
kemia cells. J. BioL Chem. 264: 10309- 
14 

Holley, R. W., Bohlen, P., Fava, R., 
Baldwin, J. H., Kleeman, G., Armour, R. 
1980. Purification of kidney epithelial cell 
growth inhibitors. Proc. NatL Acad. Sci. 
USA 77: 5989-92 

Hotta, M., Baird, A. 1986. Differential 
effects of transforming growth factor type 
0 on the growth and function of adreno- 
cortical cells in vitro Proc. NatL Acad. 
Sci. USA 83: 7795-99 

Howe, P. H. ( Cunningham, M. R., Leof, E. 
B. 1990. Distinct pathways regulate trans- 
forming growth factor 01-stimulated 
proto-oncogene and extracellular matrix 
gene expression. J. Cell. Physiol. 142: 39- 
45 

Howe, P. H., Leof, E. B. 1988. Transforming 
growth factor 01 treatment of AKR-2B 
cells is coupled through a pertussis-toxin- 
sensitive G-protein(s). Biochcm. J. 261: 
875-86 

Hynes, R. O. 1987. Integrins: a family of cell 
surface receptors. Cell 48: 549-54 

Ignotz, R: A., Endo, T., Massague, J. 1987. 
Regulation of fibronectin and type-I col- 
lagen mRNA levels by transforming 
growth factor-0. /. BioL Chem. 262: 6443- 
46 

Ignotz, R. A., Heino, J., Massague, J. 1989, 
Regulation of cell adhesion receptors by 
transforming growth factor-0. Regulation 
of vitronectin receptor and LFA-1.7. BioL 
Chem. 264: 389-92 

Ignotz, R. A., Massague, J. 1985. Type 0 
transforming growth factor controls the 
adipogenic differentiation of 3T3 fibro- 
blasts. Proc. NatL Acad. Sci. USA 82: 
8530-34. 

Ignotz, R. A., Massague, J. 1986. Trans- 
forming growth factor-0 stimulates the 
expression of fibronectin and collagen and 



634 MASS AGUE 

their incorporation into the extracellular 
matrix. J. Biol. Chcm. 261: 4337-45 

lenotz, R. A., Massaguc, J. 1987. Cell 

"adhesion receptors as targets for irans- 
formine crowth factor-/? action. Cell 51: 
189-97" " „ , • 

Unotz R. A.. Massacue, J. 1990. Regulation 
"of phenotvpe by transforming growth 
factor-/?: Role of extracellular matrix. In 
Mechanisms of Differentiation, cd. P. B. 
Fisher, Vol. 3. Boca Raton, Fla: CRC 
Press. In press 

Inman, W. H., Colowick. S. P. 1985 Stimu- 
lation of elucose uptake by transforming 
growth factor-/?: evidence for the require- 
ment of epidermal growth factor receptor 
activation. Proc. Natl. Acad. Set. UbA »/. 
1346-49 

Ishibashi. T., Miller. S. U Burstein S. A. 
1987 Tvpe 0 transforming growth tac- 
tor is a potent inhibitor of murine mega- 
karyocytopoiesis in vitro. Blood 69: 1737- 

Jakowlew. S. B„ Dillard, P. J., ^ondiah, 
P., Sporn, M. B., Roberts, A. B. 1988a. 
Complementary deoxyribonucleic acid 
cloninc of a novel transforming growth 
faclor-7* messenger ribonucleic acid from 
chick embryo chondrocytes. Mol. Endo- 
crinol. 2; 747-55 

Jakowlcw. S. B., Dillard, P. Sporn, M. 
B Roberts, A. B. 1988b. Complementary 
deoxyribonucleic acid cloning of a mess- 
enger ribonucleic acid encoding trans- 
forming crowth factor beta 4 from chicken 
embryo chondrocytes. Mol. Endocrinol 2: 

Jakowlew, S. B., Dillard, P. J., Sporn, M. B., 
Roberts, A. B. 1988c. Nucleotide sequence 
of chicken transforming growth factor-/M 
(TGF-/J1)- Nucleic Acids Res. 16: 873U 

Jennings. J. C, Mohan, S.. Linkhart. T. A., 
Widslorm, R„ Baylink, D. J, 1988 Com- 
parison of the biological activities of TGF- 
B\ and TGF-/J2: difTerenlial activity in 
endothelial cells. J. Cell Physiol. 137: 167- 

Jctten, A. M., Shirley, J. E„ Stoner G 1986. 
Regulation of proliferation and ditter- 
entialion of respiratory tract epithelial by 
TGF-0. Exp. Cell Res. 167: 539-49 
Kanzaki, T„ Olofsson, A., Moren A 
Wernstedt, C, Hellman, U., el ah 1990. 
TGF-/H binding protein: A component ol 
the large latent complex of TGF-pi with 
multiple repeat sequences. Cell 61: 1051-61 

Kehrl, J. H., Roberts, A. B., Wakefield, L. 
M., Jakowlew, S., Sporn, M. B Fauci A. 
S. 1986a. Transforming growth factor-/* is 
an important immunomodulatory protein 
for human B lymphocytes. /. Immunol. 
137:3855-60 w „ u . a 

Kehrl, J. H., Wakefield, L. M., Roberts, A. 



B Jakowlcw, S. B., Alvarez-Mon, M. ; ct 
al 1986b. Production of transforming 
crowth factor-beta by human T lympho- 
cytes and its potential role in the regula- 
tion of T cell growth, /. Exp. Med. 163: 
1037-50 ^ „ C11 . 

Keller. J, R., Mantel, C, Sing, G. k., tilings- 
worth. L. R., Rusecetti, S. K., Ruscelli, 
F W. 1988. Transforming growth factor- 
pi selectively regulates early murine hem- 
atopoietic progenitors and inhibits the 
growth of IL-3 dependent myeloid leu- 
kemia cell lines. J. Exp. Med. 168: 737-50 
Kerr L. D., Miller, D. B., Matnsian, L. 
M 1990. TGF-/J1 inhibition of transin/ 
stromelysin gene expression is mediated 
through a /as-binding sequence. Cell 61: 
267-78 w . 

Kerr L. D„ Olashaw, N. E., Matnsian, L. 
M 1988. Transforming growth factor 
B\ and cAMP inhibit transcription or 
epidermal growth factor- and oncogene- 
induced transin RNA. J. Biol. Chcm. 263: 
16999-7005. . . 

Kim. S.-J., Aneel, P., Lafyatis, R. : Hatton, 
K Kim, K. Y„ et al. 1990. Autoinduction 
of TGF-01 is mediated by the AP-1 
complex. Mol. Cell. Biol. 10: 1492-97 
Kim. S -J., Glick, A., Sporn, M. B., Roberts, 
A B. 1989a. Characterization of the pro- 
moter region of the human transforming 
erowth factor-/?! gene. J. Biol. Chcm. 264: 

402-8 i ■ i a c 

Kim, S.-J., Jeang, K. T., Glick, A Sporn, 
M B Roberts, A. B. 1989b. Promoter 
sequences of the human transforming 
crowth factor-/? 1 gene responsive to trans- 
forming growth factor-/?l autoinduction. 
J Biol. Chem. 264: 7041-45 
Kimchi, A., Wang, X.-F., Weinberg, R. A., 
Cheifetz, S„ Massague, J. 1988. Absence 
of TGF-/J receptors and growth inhibitory 
responses in retinoblastoma cells. Science 
740: 196-98 
Kimelman, D., Kirschner, M. 1987. Syn_ 
ercistic induction of mesoderm by t-or 
and TGF-/? and the identification of an 
mRNA coding for EGF in the early Xen- 
opus embryo. Cell 51:869-77 
Knabbe, C, Lippman, M. E Wakefield 
L. M.. Flanders, K. C, Kasid, A., et al 
1987 Evidence that transforming growth 
factor-/? is a hormonally regulated nega- 
tive growth factor in human breast cancer 
cells. Cell 48: 417-28 
Kondaiah, P., Sands, M. J., Smith, J. M., 
Fields, A., Roberts, A. B., et al. 1990. 
Identification of a novel transforming 
growth factor-/? (TGF-/J5) mRNA in .Xen- 
opus laevis. J. Biol. Chem. 265: 1089-93 
Kovacina, K. S., Steele-Perkins, G„ Purch.o 
A. F., Lioubin, M-, Miyazono, K., et al. 
1989. Interactions of recombinant ana 



platelet transforrr 
precursor with tJ 
factor/mannosc 6-] 
chcm. Biophys. Re 
Kurokowa, M., Lvn 
1987. Effects of gn 
tinal epithelial o 



proliferation an'/ 
tion. Biochem. J 
142: 775-82 



Laiho. M., De Capi 
Livingston, D. 1 
Growth inhibiti. 
suppression of 
phosphorylation 
Laiho, M., Saksel 
Keski-Oja, J. 19 
and extracellula 
thelial-type plaj 
tor in cultured J 
transforming gr 
103:2403-10 - 
Laiho, M., Sakse 
Transforming 
of type- 1 plasn 
Pericellular de 
exogenous urc 
17467-74 
Lassar, A. B., : 
D., Davis, R. 
MyoD isaseq 
protein requi 
ology to bind 
enhancer. Ce 
Lassar, A. B.,1 
Weintraub, 1 
activated raj 
by inhibiting 
58: 659-67 j 
Lawrence, D.i 
Conversion 
latent beta! 
fibroblasts 
active betai 
Biochem. f 
1026-34 
Lee, W.-H . 
T. W., Doi 
retinoblasj 
ing, identi 
235: 139'" 
Lehnert, S 
onic expr 
RNA su 
crine mi 
104: 26' 
Leof, E. B, 
Shipley, 
H. L. 19 
activity i 
factor b; 
propose 
involvi" 



rjf-' 



BEST AVAILABLE COPY 



platelet transforming growth factor-// 1 
precur SOr w„h .he insulin-like grow) 
I. ctor/mannosc 6-phosphate receptor. Bio- 
. chem. Btophys. Conmum. In press 

k 1«te M " Lvnch - K - P°dolsky D K 
■ , Eflccts ol growth factors on an intes- 
tinal epithelial cell line: TGF-/3 inhibits 
pro .Ration and stimulates diffcren'a- 
142:' 775-g-I"'" ''''^ C °"">"'»- 
Laiho, M„ De Caprio, 1 A.. Ludlow, J. W 
Livingston. D. M, Massaeue J 1 990' 
Growth inhibition by IGF -ft linked to 
suppression of retinoblastoma protein 
phosphorylation. Cell 62: 175-85 
Laiho M Saksela. O., Andreasen, P. A 
Keski-Oja, J. 1986. Enhanced production 

fh,l C . X ! raCcll V lar dc P°si'i°n of the endo- 
thelial-type plasminogen activator inhibi- 
tor m cultured human lung fibroblasts by 

103 240?-?0 §r ° Wlh faCl0r "^' J - Ce " Bio1 - 
Laiho, M., Saksela, O., Keski-Oja, J. 1987 

onvnl°| rm ! ng ?r ° Wlh fac,or ^ induction 
Prri^n", i P j m '" 0gen activa >or inhibitor. 
Pericellular deposition and sensitivity to 

17467-74* Ur ° kmase - J - BioL c '"''»- 262: 

U n ar n A - B o' , Buskin - J - N - Lockshon 
Mv?n™' R L - Ap0ne ' s -etal. 1989a. 
M)oD is a sequence-specific DNA binding 
protein requiring a region of myc hom- 
ology to bind to the musclecreatine kinase 
enhancer. Cell 58: 823-31 """'"ase 

a^ 1 ?H Ub • l9 f b ' Tra "5forma.ion by' 
bv nhihv ' ° rf0S prevems myogenesis 
58 : 6 59-6 7 !" g CXpression of MyoDl. Cell 
Lawrence, D., Pirchcr, R.,Jullien. P. 1985 
Conversion of a high molecular weight' 

fihfoM b f a " TGF fr0nl chicken embryo 
fibroblasts into a low molecular weisht 
active beta-TGF under acidic condhions 
m^i'l ' ReS - Con """"- '33: 

U T w' n' Shew '/-Y- H°ng. F. D„ Sery, 
T. W., Donoso, L. A., et al. 1987. Human 
reunoblastoma susceptibility gene: clon 

235: 139Tw t,0n ' 3nd SCqUenCe - Scie " ce 
Lehnert, S. A., Akhurst, R. J. 1988. Embry- 
onic expression pattern of TGF-/? type 1 
cr^ A m^ 8 f SlS ^Paracrine and auto- 
1S4" 26l-73 an,SmS ° f aC,i0n ' D ™'°P™>" 
f ' B A P ^ oper ' J - A - Goustin, A S 

H C 198?' ft DiC0r,e ' 0 ' P - ^- Moses' 
n. L 1986. nduction ofc-jii mRNA and 

fac orbv^ lar r t0 P! atele( - d =rived growth 
nrn™ I tran j f ?™'ng growth factor B: a 
proposed model for indirect mitogenesis 
involving autocrine activity. Proc N a / 



THE TGF-/? FAMILY 635 
Acad. Sci. USA 83: 2453-57 
Li, L., Hu. J.-H., Olson, E. N. 1990 Diffcr- 

fn"I ? ,cmb l r ? °f ' he /'"" Proto-oncogcne 
family exhibit different patterns of expres- 
sion in response to type ft transforming 
growth factor. J. Biol. Cllem. 265: 1556- 

Like, B., Massague. J. 1986. The anli- 

P m^" V ; e effecl 0f ,y P e P 'ransforming 
growth factor occurs at a level distal from 
receptors for growth-activating factors. J 
Biol. CUem. 261- 13416-29 

U %li L , iu /.?:-. Tsao V M -S- Grisham, J. W. 
1*87 Inhibition of proliferation of cul- 
tured rat liver epithelial cells at specific 
hi n r y « e i ta ^ eS "V transforming growth 
143 26^3o' "'' Biopl 'y s - Res - Commun. 
Lin, T. Blaisdell, J., Haskell, J. F. 1987 
transforming growth Tactor-/? inhibits 
Leydig-cell steroidogenesis in primary cul- 

1467387-94™' B ''° P '' rS - Co """"'>- 
Ling, N., Ying, S, Y., Ueno, N., Esch, F 
Denoroy L., Guillemin, R. 1985. Iso-' 
a ''°" and P a «ial characterization of a M 
32,000 protein with inhibin activity from 

^iil2 ,C 72i r 7-2 U1 . d ' ^ Nati ACad - 

L 's g ' Pc '^ 8 ' S - T- Ueno ' N - Shimasaki, 
r,i«f»i\ F " V- 1986 - Pi,ui ' a ry FSH is 
released by a heterodimer of the /!-sub- 

^ fr 32T-779-82 WO f ° rmS ° f inh ' bin - 

L m'°^ J - g eCa P r| o. J- A., Huang, C- 
M. Lee, W.-H., Paucha, E., Livingston 
Pl f M- ', 9 89. SV40 large V antigen S 
preferentially to an underphosphorylated 
member of the retinoblastoma susceptibil- 
1 J, gen f P roducl family. Cell 56: 57-65 
Ludlow, J. W., Shon, J., Pipas, J. M., LivL- 
ston, D.. m., DeCaprio, J. A. (1990). The 
retinoblastoma susceptibility gene pro- 
duct undergoes cell cycle-dependent de- 

rrom SV40 large T-antigen. CW/60: 387- 

Lu " d >, L - R -. R iccio, A., Andreasen, P. A 
Nielsen, L. S., Kristensen, P., et al 1987' 
Transforming growth factor-/? is a strong 
and fast acting positive regulator of 
niTi el . of tyix- 1 Plasminogen activator 

Lu y ,e "^ P- p - Cunninghan, N. S., Ma, S 

^f!?i , U o 9 o m 2 ran i N - Ha mrnonds, R. G. 
et al. 1989. Purification and partial amino 
acid sequence of osteogenin, a protein 
m fating bone differentiation. J. Biol 
Chem. 264: 13377-80 

Ly s° nS t h GrayC D ar, „ J - L - Ue ' A., Hashmi, 
S., Lindquist, P. B., et al. 1989. Bgr-J a 
mammalian gene related to Xenopus Vg- 



636 MASSAGUE 

/. is a member of the \™™J° rm ™*fTa!l 
factor cene superfam.ly. Proc. Natl. Acad. 
Set USA 86: 4554-58 . 
Lyons. R M.. Keski-Oj... J Moses. H L 
1988 Proteolytic activation of latent 
reforming growth factor- * from fib o- 
blast-conditioncd medium. J- Ctli not. 

Mlchidfc1^.Muldoon.L.L..Rodland 
K D Maeun B. E. 1988. Transcriptional 

cloning and sequence analysis. DNA I. 



i. 8 j ■ i a Pntt P M.Tucker, A. 1988. 
Ma P heno,ypi/modu'i a aon of endothelial 
celts ^transforming growth factor-/* 
oependsupon the composite land organ- 
ization of the extracellular matrix. J. Cell 

., Bi °'l W v' I 3 1987* Beta-type transforming 

M tfo^^ 

DNA sequences of ovarian follicular flu.d 
,or-/J. Naiure ^. 659-63 ^ 

fransformed rat cells. Isolation . and bio- 
logical properties. J. Bwl. Chem. 259. 
9756-61 subunit structure of a 

foTming growth factor. J. Btol. Chem. 260. 



nf transforming growth factor-/* and its- 
receptor in Bal6..£3T3 fibroblasts. J. Cell, 
Phvtiol 128: 216-22 
(vfe & L Kelly, B., Mottola, C. 1985. 
M sSalioi by insulin-like growth factors 
is required for cellular transformation, by 
type beta transforming growth factor. 7. 
hint Chem 260: 4551-54 
Ma s gul j Like. B. 1985. Cellular recep- 
tors for type beta transform.ng growth 
fneior / Biol. Chem. 260: 2636-45 
Masuri.. Wakefield. L. M.. Lechner. J. F 
UVeck. M. A. Sporn. M. B.. Hams C. 
r 1986 Type P transforming growth fac- 
tor is the primary differentiation inducing 
serum factor for normal human bronchial 
epithelial cells. Proc. Natl. Acad. Set. USA 

MMrisS L.M., Leroy P. Ruhlmann C 
Gesnel, M,C, Breathnach. R. 1986. Iso- 
lation of the oncogene and epidermal 
erowth factor-induced transin gene: com- 
plex control in rat fibroblasts. Mol. Cell. 

McMahon'TB., Richards. W L.,del 
"S c C, Song. M.-K... Thorgiers- 
son S S. 1986. Differential effects of 
transforming growth factor-^ on prolifer- 
ation of nofmal and malignant rat hver 
epithelial cells in culture. Cancer Res. 46: 

MM^Ttf A 1987. Translocation of a lo- 
calized Vernal mRNA to the vegetd 
pole of Xenopus oocytes. Nature 328. 80- 

Menko A. S., Boeltiger, D. 1987. Occu- 
pation of the extracellular matrix receptor 
fntegrin. is a control point for myogemc 
differentiation. Cell 51: 51-3' 

oression of inhibin a, BA and 0B sub- 

rrr-P • ntt nrecursor and the comparative 
(TGF-/J3) Prf^Lfor <• TG p.fli mes - 
expression of TGF-03 ana J^r ^ d 
senger RNA in murine e™bryos»a 
adult tissues. Mo.. ^'"^ V^ten, 
M r r Y D M A oserH A L. P Der nK'.W 

M^yazono. K., ^^^"S 
action between TGF-01 a^i^p.fli 
structures in its precursor renders I or p 

latent. JVafwre 388: 158-60 




BEST AVAILABLE COPY 



Mivazono, K., Hcllmun. U., Wcrnstedt. C. 
Heldin. C.-H. I9SS. Latent high molecular 
wcicht complex of transformine growth 
factor fl\ . J. BioL Client. 263: 6407-1 5 

Morrone, G.. Cortesc. R., Sorrcntino. V. 
1989. Posl-transcriptional control of nega- 
tive acute phase scnes by transforming 
growth factor-beta^. EM BO J. 8: 3767-71 

Moses. H. L., Branum, E. L., Proper, J. 
A.. Robinson. R..A. 1981. Transforming 
growth factor production by chemically 
transformed cells. Cancer Res. 41: 2842- 
48 

Moses, H. L., Tucker, R. F., Leof, E. B., 
Coffey, R. J. Jr., Halper, J., Shipley, G. D. 
1985. Type p transforming growth factor 
Is a growth stimulator and growth inhibi- 
tor. In Cancer Cells, ed. J. Feramisco, B. 
Ozanne, C. Stiles. 3: 65-75. New York. 
Cold Spring Harbor Press 

Mulder, K. M M Levine, A. E., Hernandez, 
X M McKnight, M. K., Brattain, D. E., 
Brattain, M. G. 1988. Modulation of 
c-mvc by transforming growth factor-/? in 
colon carcinoma cells. Biochem. Biophys. 
Res. Commun. 150: 711-16 

Muldoon, L. L., Rodland, K. D..*Magun, B. 
E. 1988. Transforming growth factor p 
and epidermal growth factor alter calcium 
influx and phosphatidylinositol turnover 
in Rat-1 fibroblasts. J. Biol. Chem. 263: 
18834-41 

Muller, G., Behrens, J., Nussbaumer, U., 
Bohlen, P., Birchmeier, W. 1987. Inhibi- 
tory action of transforming growth factor- 
p on endothelial cells. Proc. Nail. Acad. 
Set. USA 84: 5600-4 

Murlhy, U. S., Anzano, M. A., Stadel, J. M., 
Greig, R. 1988. Coupling of TGF-/? 
induced mitogencsis to G-protein activa- 
tion in AKR-2B cells. Biochem. Biophvs. 
Res. Commun. 152: 1228-35 

Mustoe, T. A., Pierce, G. F., Thomason, A., 
Gramates, P., Sporn, M. B., Deuel, T. F. 
1987. Transforming growth factor beta 
induces accelerated healing of incisional 
wounds in rats. Science 237: 1333-36 

Nadal-Ginard, B. 1978. Commitment, 
fusion, and biochemical differentiation of 
a myogenic cell line in the absence of DN A 
synthesis. Celt 15: 855-64 

Nakamura, T., Takio, K., Eto, Y., Shibai, 
H., Titani, K., Sugino, H. 1990. Activin- 
binding protein from rat ovary is folli- 
statin. Science 247: 836-38 

Nakamura, T., Tomita, Y., Hirai, R., Yama- 
oka, K., Kaji, K., Ichihara, A. 1985, In- 
hibitory effect of transforming growth 
factor-/? on DNA synthesis of adult rat 
hepatocytes in primary culture. Biochem. 
Biophys. Res. Commun. 133: 1042-50 

Noda, M., Rodan, G. A. 1987. Type-/? trans- 
forming growth factor (TGF-/I) regulation 



THE TGF-/? FAMILY 637 

of alkaline phosphatase expression and 
other phenotype related mRNAs in osteo- 
blastic rat osteosarcoma cells. J. Cell 
PhvsioL 133: 426-37 
Noda, M., Yoon. K., Prince. C. W., Butler. 
W. T., Rodan. G. A. 198. Transcriptional 
regulation of osteopontin production in 
rat osteosarcoma cells by type p trans- 
formine growth factor. J. Biol. Chem. 263: 
13916-21 

Nugent, M. A.. Newman, M. J. 1989. Inhi- 
bition of normal rat kidney cell growth by 
transformine growth factor-/? is mediated 
by collagen. V. Biol. Chem. 264: 18060-67 

O'Connor-McCourt, M. D., Wakefield. L. 
M. 1987. Latent transforming growth fac- 
tor-)? in serum. /. Biol. Chem. 262: 14090- 
99 

Ohta, M.. Greenberger, J. S., Anklesaria, P., 
Bassols, A., Massague, J. 1987. Two forms 
of transforming growth factor-/? distin- 
guished by multipotenlial haematopoietic 
progenitor cells. Nature 329: 539-41 

Olson, E. N., Sternberg, E., Hu, J. S., Spizz, 
G. t Wilcox, C. 1986. Regulation of myo- 
genic differentiation by type beta trans- 
forming growth factor. J. Cell Biol. 103: 
1799-805 

Ottmann, O. G., Pelus, L. M. 1988. Differ- 
ential proliferative effects of transforming 
growth factor-/? on human hematopoietic 
progenitor cells. /. Immunol. 140: 2661- 
65 

Padgett, R. W., St. Johnston, R. D., Gelbart, 
W. M. 1987. A transcript from a Dro- 
sophila pattern gene predicts a protein 
homologous to the transforming growth 
factor-/? family. Nature 325: 81-84 

Pearson, C. A., Pearson, D., Shibahara, S., 
Hofsteenge, J., Chiquet-Ehrismann, R. 
1988. Tenascin: cDNA cloning and induc- 
tion by TGF-/?. EM BO J. 7: 2677-81 

Pelton, R. W., Nomura, S., Moses, H. L., 
Hogan, B. L. M. 1989. Expression of trans- 
forming growth factor p-2 RNA during 
murine embryogenesis. Development 106: 
759-68 

Penttinen, R. P., Koyayashi, S., Bornstein, 
P. 1988. Transforming growth factor-/? 
increases mRNA for matrix proteins both 
in the presence and in the absence of 
changes in mRNA stability. Proc. Natl. 
Acad. Set. USA 85: 1 105-8 

Pepinski, R. B., Sinclair, L. K., Chow, E. P., 
Mattaliano, R. J., Manganaro, T. F., et al. 
1988. Proteolytic processing of Miillerian 
inhibiting substance produces a trans- 
forming growth factor-^-like fragment. J. 
BioL Chem. 263: 18961-64 

Pertovaara, L., Sistonen, L., Bos, T. J., Vogt, 
P. K., Keski-Oja, J., Alitalo, K. 1989. 
Enhanced jun gene expression is an early 
genomic response to transforming growth 



BEST AVAILABLE COPY 



638 



MASSAGUE 



factor fi stimulation. MoL Cell BioL 9: 
1255-62 

Pelraglia, F.. Vaughan. J.. Vale. W. 1989. 
Inhibin and activin modulate the release of 
gonadouopin-relcasing hormone, human 
chorionic gonadotropin, and progester- 
one from cultured human placenta cells. 
Proc. Natl. Acad. ScL USA 86: 51 14-17 

Pfeilschiftcr. J.. D'Sousa. S. M., Mundy, 
R I9S7. EfTects of transforming growth 
factor-/? on osteoblastic osteosarcoma 
cells. Endocrinology 121:212-18 

Pictenpol. J. A., Holt. J. T., Stein, R. W 
Moses. H, L. 1990. Transforming growth 
factor-/n suppression of c~myc gene tran- 
scription: Role in inhibition of keratino- 
cyte proliferation. Proc. Natl. Acad. Sa. 
[75^ 87:3578-62 

Pinney, D. F., Pearson- While, S. H.. Kon- 
ieczny, S. F., Latham, K. E., Emerson, 
C. P- Jr. 1988. Myogenic lineage deter- 
mination and differentiation: evidence for 
a regulatory gene pathway. Cell 53: 781- 
93 

Pircher, R., Jullien, P., Lawrence, D. A. 
1986. ^-Transforming growth factor is 
stored in human blood platelets as a latent 
high molecular weight complex. Biochem. 
Biophvs. Res. Commute 136: 30-37 
Postlethwaite, A. E., Keski-Oja, J., Moses 
H. L.. Kang, A. H. 1987. Stimulation of 
the chcmotactic migration of human 
fibroblasts by transforming growth factor 
beta. J. Exp. Med. 165: 251-56 
Purchio, A. F., Cooper, J. A., Brunncr, A. 
M., Lioubin, M. N., Gentry, L. E., et al. 
1988. Identification of mannose 6-phos- 
phale in two asparagine-linked sugar 
chains on recombinant transforming 
growth factors-/*! precursor. J. Biol. 
Chem. 263: 14211-15 . 
Raehow, R„ Postlethwaite, A. E„ Keski- 
Oja, J., Moses, H. L., Kang, A. H. 1987. 
Transforming growth factor-/? increases 
steady state levels of type I procollagen 
and fibroneclin messenger RNAs post- 
transcriptionally in cultured human der- 
mal fibroblasts. J. Clin. Invest. 79: 1285- 
88 

Rappolee, D. A., Brenner, C. A., Schultz, R., 
Mark D , Werb, Z. 1988. Developmental 
expression of PDGF, TGF-alpha, and 
TGF-/J genes in preimplantatioh mouse 
embryos. Science 242: 1823-25 

Rapraeger, A. 1989. Transforming growth 
factor (type ft) promotes the addition of 
chondroitin sulfate chains to the cell sur- 
face proteoglycan (syndecan) of mouse 
mammary epithelia. J. Cell Biol. 109: 
2509-18 ^ , . 

Reiss, M., Sartorelli, A. C. 1987. Regulation 
of growth and differentiation of human 
keratinocytes by type p transforming 



growth factor and epidermal growth 
factor. Cancer Res. 47: 6705-9 
Ristow, H. J. 1986. BSC-1 growth inhibitor 
type P transforming growth factor is a 
strong inhibitor of thymocyte prolifer- 
ation. Proc. Natl. Acad. Sci. USA 83: 
5531-34 

Rivier. C, Rivier, J., Vale, W. 1986. Inhibin- 
mediated feedback control of follicle-sti- 
mulating hormone secretion in the female 
rat. Nature 234: 205-8 
Rizzino, A. 1987. Appearance of high affin- 
ity receptors for type . ft transforming 
growth factor during differentiation of 
murine embryonal carcinoma cells. Can- 
cer Res. 47: 4386-90 
Roberts, A. B., Anzano, M. A., Lamb, L. 
C. Smith, J. M., Sporn, M. B. 1981. New 
class of transforming growth factors 
potentiated by epidermal growth factor. 
Proc: Natl. Acad. ScL USA 78: 5339-43 
Roberts, A. B., Anzano, M. A., Meyers, C. 
A., Wideman, J., Blacher, R., et al. 1983. 
Purification and properties of a type beta 
transforming growth factor from bovine 
kidney. Biochemistry 22: 5692-98 
Roberts, A. B., Anzano, M. A., Wakefield, 
L. M., Roche, N. S., Stern, D. F., Sporn, 
M. B. 1985. Type-/? transforming growth 
factor: A bifunclional regulator of cellular 
arowth. Proc. Natl. Acad. Sci. USA 82: 
119-23 

Roberts, A. B„ Rosa, F. t Roche, N. S., Col- 
iean, J. E., Garfield, M., et al. 1989. Iso- 
lation and characterization of TGF-02 
and TGF-/J5 from medium conditioned by 
Xenopus XTC cells. Growth Factors. In 
press 

Roberts, A. B., Sporn, M. B. 1990. The 
transforming growth factor-betas. In 
Peptide Growth Factors and Their Recep- 
tors, ed. M. Sporn, A. B. Roberts. Hei- 
delberg: Springer- Verlag. In press 
Roberts, A. B., Sporn, M, B., Assoian R. 
K., Smith, J. M., Roche, N. S., et al. 1986 
Transformine growth factor type fi: rapid 
induction of fibrosis and angiogenesis in 
vivo and stimulation of collagen forma- 
tion in vitro. Proc. Natl. Acad. Sci. USA 
83:4167-71 . 
Roberts, C. J., Birkenmeir, T. M. f McQuil- 
lan, J. J., Akiyama, S. K., Yamada S 
et al. 1988. Transforming growth factor- 
B stimulates the expression of fibroneclin 
and of both subunits of the human 
fibroneclin receptor by cultured human 
lung fibroblasts. /. BioL Chem. 263. 4585- 
92 

Rook, A. H, Kehrl, J. H, Wakefield L M , 
Roberts, A. B., Sporn, M. B e ah 1986. 
Effects of transforming gr°w th J?. ct ° r Lu. 
the functions of natural killer cdw. 
depressed cytolytic activity and blunting 



of interferon responsiveness. J. Immunol 
136: 3916-20 
Rosa, F., Roberts. A. B.. Daniclpour, D., 
Dart, L. L.. Sporn. M. B.. David, I. B. 
1988. Mesoderm induction in amphibians: 
the role of TGF-/?2-like factors. Science 
236: 783-86 
Rosen, D. M., Stempien. S. A.. Thompson, 
A. Y., Scyedin. P. R. I9SS. Transforming 
growth factor-beta modulates the expres- 
sion of osteoblast and chondroblast pheno- 
. types in vitro. J. Cell. PhvsioL 134: 337- 
46 * . 

Rossi, P., Karsenty. G.. Roberts, A. B., 
Roche, N. S.. Sporn. M. B., de Crom- 
brugghe, B. 1988. A nuclear factor 1 bind- 
ing site mediates the transcriptional acti- 
vation of a type I collagen promoter by 
transforming growth factor-/?. Cell 52: 
405-14 

Ruoslahti, E,, Pierschbacher. M. D. 1987. 
New perspectives in cell adhesion: RGS 
and integrins. Science 238: 491-95 

Russell, W. E.; Coffey. R. J., Oueilette, A. J., 
Moses, H. L. 1988. Transforming growth 
factor beta reversibly inhibits the early 
proliferative response to partial hepa- 
tectomy in the rat. Proc. Natl Acad. Sci 
USA 85: 5126-30 

Sandberg, M., Vuorio, T.. Hirvonen, H., 
Alitalo, K. ( Vuorio, E. 19S8. Enhanced 
expression of TGF-/? and c-fos mRNAs in 
the growth plates of developing human 
long bones. Development 102: 461-70 

Sassone-Corsi, P., Sisson, J. C, Verma, I. 
1988. Transcriptional autoregulation of 
the proto-oncogene fos. Nature 334: 314- 
19 

Sato, Y., Rifkin, D. B. 1989. Inhibition of 
endothelial cell movement by pericytes 
and smooth muscle cells: Activation of a 
latent transforming growth factor-/? 1 -like 
molecule by plasmin durine co-cullure. J 
Cell Biol 109: 309-15 

Schutte, J., Viallet, J., Nau, M., Segal, S., 
Fedorko, J., Minna, J. 1989. jun-B 
inhibits and c-fos stimulates the trans- 
forming and transactivatine activities of 
c-yi/n. Cell 59: 987-97 

Scotto, L„, Vaduva, P. I., Wager, R. E., 
Assoian, R. K. 1990. Type /?1 transform- 
ing growth factor gene expression. A cor- 
rected mRNA structure reveals a down- 
stream phorbol ester responsive element 
in human cells. J, Biol Chem. 265: 2203- 
8 

Segarini, P. R., Roberts, A. B., Rosen, M. 
D., Seyedin, S. M. 1987. Membrane bind- 
ing characteristics of two forms of trans- 
forming growth factor-/?. J. Biol Chem. 
262: 14655-62 

Segarini, P. R., Rosen, D. M., Seyedin, S. 
M. 1989. Binding of transforming growth 



THE TGF-/? FAMILY 639 

factor-/? to cell surface proteins varies with 
cell type. Mol. Endocrinol 3: 261-72 
Segarini, P. R., Scyedin, S. M. 1988. The 
high molecular weight receptor to trans- 
forming growth factor-/? contains glvcos- 
aminoglvcan chains. J. Biol. Chem' 263' 
8366-70 

Seyedin, S. M., Segarini, P. R., Rosen, D. 
M., Thompson, A. Y.. Bentz. H., Graycar, 
J. 1987. Cartilage-inducing factor- B is a 
unique protein structurally and func- 
tionally related to transforming growth 
factor-/?. J. Biol Chem. 262: 1 946-49 

Seyedin, S. M., Thomas. T. C, Thompson, 
A. Y., Rosen, D. M., Piez, K. A. 1985. 
Purification and characterization of two 
cartilage-inducing factors from bovine 
demineralized bone. Proc. Natl. Acad. Sci. 
USA 82: 2267-71 

Shipley, G. D., Pittelkow, M. R., Wille, J. 
J, Jr., Scott, R. E., Moses, H. L. 1986. 
Reversible inhibition of normal human 
prokeratinocyte proliferation by type p 
transforming growth factor-growth inhib- 
itor in serum-free medium. Cancer Res. 
46: 2068-71 

Shipley, G. D., Tucker, R. F., Moses, H. L. 
1985. Type ^-transforming growth fac- 
tor/growth inhibitor stimulates entry of 
monolayer cultures of AKR-2B cells into 
S-phase after prolonged prereplicative 
interval. Proc. Natl. Acad. Sci. USA 82: 
4147-51 

Silberstein, G. B., Daniel, C. W. 1987. 
Reversible inhibition of mammary gland 
growth by transforming growth factor-/?. 
Science 237: 291-93 

Smith, J. C, Price, B. M. J., Van Nimmen, 
K. V., Huylebroeck, D. 1990. Identi- 
fication of a potent Xenopus mesoderm- 
inducing factor as a homologue of activin 
A. Nature. In press 

Sorrentino, V., Bandyopadhyay, S. 1989. 
TGF)? inhibits G 0 /S-phase transition in 
primary fibroblasts. Loss of response to 
the antigrowth effect of TGF/? is observed 
after immortalization. Oncogene 4: 569- 
74 

Sparks, R. L., Scott, R. E. 1986. Trans- 
forming growth factor type /? is a specific 
inhibitor of 3T3 T mesenchymal stem cell 
differentiation. Exp. Cell Res. 165: 345- 
52 

Spencer, F. A., Hoffmann, F. M., Gelbart, 
W. M. 1982. Decapentaplegic: A gene 
complex affecting morphogenesis in Dro- 
sophila melanogaster. Cell 2%: 451-61 

Sporn, M. B., Roberts, A. B., Shull, J. H., 
Smith, J. M., Ward, J. M M Sodek, J. 1983. 
Polypeptide transforming growth factors 
isolated from bovine sources and used for 
wound healing in vivo. Science 219: 1329- 



640 



MASSAGUE 



Sporn. M. B., Roberts. A. B., Wakefield, L. 
M., dc Crombrueehc, B. 1987. Some 
recent advances inline chemistry and biol- 
ogy of transforminc srowth factor-/?. /. 
Cell Biol. 105: 1039^45 
Takchara. K., LcRoy. E. C, Crotendorst, 
G. R. 1987. TGF-/? inhibition of endo- 
thelial cell proliferation: Alteration of 
EGF binding and EGF-induced growlh- 
rcgulatorv (competence) gene expression. 
Cell 49: 415-22 
Tashjian. A. H., Voclkel. E. F., Lazzaro B., 
Singer. F. R., Roberts. A. B. t et al. 1985. a 
and P human transforming growth factors 
stimulate prostaglandin production and 
bone resorption "in cultured mouse cal- 
varia. Proc. Natl. Acad. Sci. USA 82: 
4535-38 v v 

ten Diike, P.. Hansen, P., Iwata, K. K.., 
Pieler, C, Foulkes, J. G. 1988a. Identi- 
fication of another member of the trans- 
forming growth factor type P gene family. 
Proc. Natl. Acad. Sci. USA 85: 4715-19 
ten Dijke, P., Iwata, K. K., Thorikay M 
Schwedes, J., Stewart, A., Pieler, C, 1990. 
Molecular characterization of trans- 
forming growth factor type 03. Ann. NY 
Acad. Sci. In press 
ten Diike, P., van Kessel, A. H. M. G., 
Foulkes, J. G., Le Beau, M. M. 1988b. 
Transforming growth factor type-/? 3 
maps to human chromosome 14, region 
q23-q24. Oncogene 3: 721-24 
Thompson, K. L., Assoian, R., Rosner, M. 
R. 1988. Transforming growth factor-/* 
increases transcription of the genes en- 
coding the epidermal growth factor recep- 
tor and fibronectin in normal rat kidney 
fibroblasts. J. Biol. Chcm. 263: 19519-24 
Thompson, N. L„ Flanders, K. C, Smith, J. 
M., Ellingsworth, L. R., Roberts, A. B., 
Sporn, M. B. 1989. Expression of trans- 
forming growth factor-/H in specific cells 
and tissues of adult and neonatal mice. J. 
Cell Biol. 108:661-69 
Torli, F. M., Torti, S. V., Larnck, J. W., 
Rincold, G. M. 1989. Modulation of adipo- 
cyte" differentiation by tumor necrosis 
factor and transforming growth factor 
beta. J. Cell Biol. 108: 1 105-13 
Tsunawaki, S., Sporn, M. B., Ding, A., 
Nathan, C. 1988. Deactivation of macro- 
phages by transforming growth factor-^. 
Nature 334: 260-62 
Tucker, R. F., Shipley, G. D„ Moses, H. 
L Holley, R. W." 1984. Growth inhibitor 
from BSC-1 cells is closely related to the 
platelet type P transforming growth 
factor. Science 226: 705-7 
Vaiia, T. B., Rhodes, S. J., Taparowsky, E. 
J., Konieczny, S. F. 1989. Fibroblast 
growth factor and transforming growth 
factor p repress transcription of the myo- 



cenic regulatory gene MyoDl. Moi Cell 
Biol. 9: 3576-79 

Vale. W., Rivier. J., Vaughan. J.. McClin- 
tock, R., Corrigan, A., et al. 1986. Puri- 
fication and characterization of an FSH 
releasing protein from porcine ovarian fol- 
licular fluid. Nature 321: 776-79 

Van Obberghcn-Schilling, E., Kondaiah, 
P.. Ludwig, R. L., Sporn, M. B., Baker, 
C. C. 1987. Complementary deoxyribo- 
nucleic acid cloning of bovine transform- 
inc erowth factor-)? 1 Mol. Endocrinol. 1: 
69V98 

Van Obberghen-Schilling, E., Roche, N. S., 
Flanders, K. C, Sporn, M. B., Baker, C. 
C. 1988. Transforming growth factor-/Jl 
positively regulates its own expression in 
normal and" transformed cells. J. Biol. 
Chem. 263:7741-46 

Varca, J., Rosenbloom, J., Jimenez, S. A. 
1987. Transforming growth factor-/?. 
(TGF-/f) causes a persistent increase in 
steady-state amounts of type I and type 
III collagen and fibronectin mRNAs in 
normal human dermal fibroblasts. Bio- 
chem. J. 247: 597-604 

Vieier, B., Picard, J.-Y., Campargue, J., For- 
est, M. G., Heyman, Y., Josso, N. 1984. 
Production of anti-Mullerian hormone: 
another homology between Sertoli and 
eranulosa cells. Endocrinology 114: 1315- 
20 

Vieier, B., Forest, M. G., Eychenne, B., 
Bezard, J., Garrigou, O., et al. 1989. Anti- 
Mullerian hormone produces endocrine 
sex reversal of fetal ovaries. Proc. Natl. 
Acad. Sci. USA 86: 3684-88 
Wahl, S. M., Hunt, D. A., Wakefield, L. M., 
McCartney-Francis, N., Wahl, L. M., et 
al. 1987. Transforming growth-factor beta 
(TGF-/?) induces monocyte chemotaxis 
and growth factor production, Proc. Natl. 
Acad. Sci. USA 84: 5788-92 
Wahl, S, M., Hunt, D. A., Wong, H. L., 
Dougherty, S., McCartney-Francis, N., et 
al. 1988. Transforming growth factor-/? is 
a potent immunosuppressive agent that 
inhibits IL-1 dependent lymphocyte pro- 
liferation, J. Immunol. 140: 3026-32 
Wakefield, L. M., Smith, D. M., Flanders, 
K. C, Sporn, M. B. 1988. Latent trans- 
forming growth factor-/? from human 
platelets. J. Biol. Chem. 263: 7646-54 
Wakefield, L. M., Smith, D. M., Masui, T., 
Harris, C. C, Sporn, M. B. 1987 Dis- 
tribution and modulation of the cellular 
receptor for transforming growth factor- 
B.J. Cell Biol 105:965-75 
Wang, E. A., Rosen, V., Cordes, P., Hewick, 
R M., Kriz, M. J., et al. 1988. Purification 
and characterization of other Q istin ^ 1 
bone-inducing factors. Proc. Natl. Acad. 
Sci. USA 85: 9484-98 



w ang, E. / 
Bauduy, 
Recomb 
etic pre 
Proc. Nc 

Weeks, D 
materna 
hemispb 
growth , 
861-67/ 

Weintraut 
Thayer, 
Activati 
ment, rv. 
lines by 
Natl. A 

Wilcox, J 
opmenl 
growth 
fetus, h 

Wozney,* 
protein 
80 { 

Wozney; 
Mistsc 
1988.1 
molect 
242: l: 

Wrann.l 




BEST 



Wang E. A.. Rosen, V., D\Messandro, J S 
Bauduy, M., Cordes, P., el al. 1990* 
Recombinant human bone morphogen- 
ctic protein induces bone formation 
Proc. Nat/. Acad. Sci. USA 87: 2220-24 

Weeks, D. L., Melton, D. A. 1987 A 
maternal mRNA localized to the vegetal 
hemisphere in Xenopus eegs codes for 
growth factor related to TGF-/J. Cell 51: 
861—67 

Weintraub. H., Tapscott, S. J M Davis, R. L M 
Thayer, M. J., Adam, M. A,, et al. 1989* 
Activation of muscle-specific genes in pig- 
ment, nerve, fat, liver and fibroblasts cell 
lines by forced expression of MyoD Proc 
Natl. Acad. Sci. USA 86: 5434-38 

Wilcox, J. N., Derynck, R. 1988. Devel- 
opmental expression of transforming 
growth factors alpha and beta in mouse 
fetus. Mot. Cell. Biol. 8: 3415-22 

Wozney, J. M. 1989. Bone morphogenetic 
proteins. Prog. Growth Factor Res. I: 267- 

Wozney, J. M., Rosen, V., Celeste A J 
Mistsock, L. M, Whitters, M. J., et ai' 
1988. Novel regulators of bone formation- 
molecular clones and activities. Science 
242: 1528-34 

Wrann, M., Bodmer, S., de Martin, R., Siepl, 



THE TGF-/? FAMILY 641 

C, Hofer-Warbinek, R., et al. 1987. T 
Cell supressor factor from human glio- 
blastoma cells is a 12.5 kd protein closely 
related to transforming growth factor-/? 
EM BO J. 6: 1633-36 
Wright, W. E., Sassoon, D. A., Lin, V. K, 
1989. Myogenin, a factor regulating 
myogenesis, has a domain homologous to 
MyoD. CW/56: 607-17 
Ying, S.-Y., Becker, A., Baird, A., Ling, N 
Ueno, N., et al. 1986a. Type beta trans- 
forming factor (TGF-/?) is a potent stimu- 
lator of the basal secretion of follicle 
stimulating hormone (FSH) in a pitu- 
itary monolayer system. Biochem. Biophys 
Res. Commun. 135: 950-56 
Ying, S.-Y., Becker, A., Ling, N., Ueno, N 
Guillemin, R. 1986b. Inhibin and beta 
type transforming growth factor (TGF-/7) 
have opposite modulating effects on the 
follicle stimulating hormone (FSH)- 
induccd aromatase activity of cultured rat 
granulosa cells. Biochem. Biophys Res 
Commun. 136: 969-75 
Yu, J., Shao, L., Lemas, V., Yu, A L 
Vaughan, J., et al. 1987. Importance of 
FSH-releasing protein and inhibin in 
erythrodifferentialion. Nature 330: 765-67 



letter 
- *i 



Regulation of left-right patterning in mice 
by growth/differentiation factor-1 

Christopher T. Rankin', Tracic Buntoir, Ann M. Lawlcr 3 & Se-Jin Lee 1 



The transforming growth factor-(5 (TGF-(^) superfamily encom- 
passes a large group of structurally related polypeptides that 
are capable of regulating cell growth and differentiation in a 
wide range of embryonic and adult tissues 1 . Growth/differentia- 
tion factor-1 (Gdf-1, encoded by Gdfl) is a TGF-|i family member 
of unknown function that was originally isolated from an early 
mouse embryo cDNA library 2 and is expressed specifically in the 
nervous system in late-stage embryos and adult mice 3 . Here we 
show that at early stages of mouse development Gdfl is 
expressed initially throughout the embryo proper and then 
most prominently in the primitive node, ventral neural tube, 
and intermediate and lateral plate mesoderm. To examine its 
biological function, we generated a mouse line carrying a tar- 
geted mutation in Gdfl. Gdf1~ f ~ mice exhibited a spectrum of 
defects related to left-right axis formation, including viscera! 
situs inversus, right pulmonary isomerism and a range of cardiac 
anomalies. In most Gdf1 _/ ' embryos, the expression of Ebaf (for- 
merly lefty-1) in the left side of the floor plate and Leftb (for- 
merly lefty-2), nodal and Pitx2 in the left lateral plate mesoderm 



was absent, suggesting that Gdfl acts upstream of these genes 
either directly or indirectly to activate their expression. Our find- 
ings suggest that Gdfl acts early in the pathway of gene activa- 
tion that leads to the establishment of left-right asymmetry. 

Northern-blot analysis of whole embryo UNA using a Gdfl probe 
delected two developmental!}' regulated transcripts, a 1.4-kb tran- 
script containing the Gdfl coding region, which was expressed at 
early embryonic stages, and a bi-cistronic 3.0- kb transcript, which 
was expressed in later embryonic stages and in the nervous system 
of adult mice-* (Fig. h/). To examine the distribution of the 1.4 -kb 
Gdfl transcript, we performed whole-mount in situ hybridization 
experiments on early stage mouse embryos. At 7.5 days post- 
coitum (d.p.c.), we delected Gdfl mKNA uniformly throughout the 
embryo proper, but not in extra-embryonic structures {Fig. I />,<-). 
By 8.0-S.5 d.p.c, we saw Gdfl niKNA in many tissues including the 
crown ol the primitive node, ventral neural ectoderm and paraxial, 
in termed iale and lateral plate mesoderm (Fig. 1 </-£). At all stages 
examined, the expression pattern of Gdfl appeared to be bilaterally 
symmetric with respect to the left -right axis. 





Fig. 1 Gdfl expression during early mouse development, a, Northern-blot analysis of whole embryo RNA. Poly(A) 4 -selected mRNAs prepared from CD-1 mouse 
embryos at the indicated d.p.c. were electrophoresed, blotted and probed with the entire Gdfl coding sequence, b-g, Whole-mount in situ hybridization analy- 
sis of 7.5 d.p.c. (b, lateral view; c, anterior view), 8.0 d.p.c. (d) and 8.5 d.p.c. (e) mouse embryos. Expression is symmetric at all stages examined. f,g, Sections 
through a 8.5 d.p.c. embryo at the levels shown in (e). h, Genomic map of the Gdfl locus and targeting strategy. Filled boxes represent the coding sequence for 
UOG-1 (ref. 3). Open and shaded boxes represent the coding sequences for the pro- and carboxy-terminal regions of Gdf-1, respectively. A probe derived from 
genomic sequence upstream of the targeting construct hybridizes to a 6-kb fcoR! fragment in wild-type Gdfl and a 4-kb fcoRI fragment in a homologously tar- 
geted Gdfl allele, i. Genomic Southern blot of £coRl-digested liver DNA prepared from newborn offspring of a mating of heterozygous mice. 
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Table 1 • Defects in Cdf1' f - newborn mice 



Heart malformation 

Right pulmonary isomerism 

Gl tract spleen and pancreas 

Liver 



Kidneys 
Total 



norma! 

reversed 

normal 

reversed 

symmetric 

normal 

reversed 

symmetric 



A 



10 



Newborn Gdft' 1 ' mice were classified into groups on the basis of their combinations of anatomical situs defects. 



To investigate the biological function of GdfL we generated 
mice in which the entire region encoding the mature Gdf- 1 pep- 
tide was deleted by gene targeting (Fig. I/j). Among 48 1 offspring 
examined from GdjY ; ~ intercrosses, only one homozygous 
mutant survived to adulthood. Gdfi~ f ~ embryos appeared to be 
viable up to approximately 14. 5 d.p.c. Only two-thirds of Gdf I" f ~ 
embryos survived until birth, however, and nearly all ol these 
died within the first 48 hours after birth. The cause of death was 
likely to be related to the presence of extensive cardiac defects, 
although we have not ruled out the possibility that other abnor- 
malities in these mutants might also have contributed to their 
se ve re I y red u ced v i a b i 1 i t y. 

Homozygous mutant mice exhibited a complex spectrum of 
abnormalities related to improper establishment of left -right 
asymmetry (Table 1 and Fig. 2). The most obvious manifestations 
were the placement of the abdominal organs, which appeared to 
be randomized in Gdfr f ~ mutants with respect to the left -right 
axis. Visceral situs inversus was most readily apparent with respect 



to the stomach, which is normally positioned on the left side 
(Fig. 2<J-r). In 50% of Gdfl^' mutants the stomach was posi- 
tioned on the right side. In Gdfl' f ~ mice with right -sided stom- 
achs, the direction of rotation oflhe small and large intestines was 
also reversed (Fig. 2</,o and data not shown). Hence, the gastroin- 
testinal tract appeared to have a mirror-image configuration rela- 
tive to the left -right axis in approximately 50% oiGdfl f " mice. 

Abnormalities in left -right axis formation were evident in 
other abdominal organs as well. For example, the positions ol the 
pancreas and spleen, which are normally left -sided (Fig. 2/0, par- 
alleled that of the stomach in Gdf I 1 mutants (Fig. 2c). The 
delects in the development of these organs, however, were more 
complex, as many Gdf 1 1 mutants had an annular pancreas, and 
all had severely malformed spleens. Mutation of 'Gdjf also altered 
the relative positioning of the kidneys and adrenal glands, which 
are normally displaced caudally on the left side (Fig. 2/). In 
Gdfl~ f " mice, the left kidney and adrenal were positioned either 
more cranially than the right kidney and adrenal (Fig. 2$) or at 
the same rostral-caudal level. Similarly, the nor- 
mal asymmetric arrangement of the liver was also 
disrupted in GdjY'" mice. In wild -type mice, (be 
liver consists of a large left lateral lobe, left and 
right medial lobes, and three smaller lobes on the 
right side. In Gdf I' f ~ mice, the liver lobes appeared 
to be reversed with respect to the left- right axis or 
bilaterally symmetric, with two equally sized lat- 
eral lobes beneath a fused medial lobe. 

We also saw aberrant left-right patterning of the 
heart and lungs in homozygous mutants, but the 
nature of the defects in the thoracic organs 
appeared to be independent of whether or not the 
abdominal organs exhibited situs inversus. Wild- 
type mice have live lung lobes, a single large lobe 
on the left side and four smaller lobes on the right 
side (Fig. 2//). In contrast, Gdf!'/' mice bad eight 
lung lobes that were symmetrically distributed 
with respect to the left-right axis (Fig. 2/). The 
duplication of the right -sided pattern, or right pul- 
monarv isomerism, was observed in all homozy- 
gous mutants. The heart defects in Gdfl" /m mice- 
were much more complex and variable. In wild- 
type mice, the apex oflhe heart points towards the 
left side of the animal (Fig. 3<7-/). In Gdf}' 1 ' mice, 
Fig. 2 Analysts of situs defects in Gdil~'~ mice, a, GdiV 1 ' and Gdfl~'' newborn mice with stomachs however, the position of the apex was randomized 
(arrowheads) on the left and right sides, respectively. Ventral views of tissues from newborn ,p- ^ ^ ^ mutant hearts also showed abnor- 
Gdfl* 1 ' (b,d,f,h) and Gd11~ h {c,e,g,i) mice are shown. b,c, Reversal of the orientation of the , " . / i * ' \ /r - -i * 

abdominal organs in GdfV f - mice. Note also the streak-like appearance of the spleen and the positioning ol the great vessels (Ftg. ; Vf-f ). 

abnormally shaped medial lobe of the liver. d,e, Reversal of the direction of rotation of the colon The pulmonary artery (blue) normally exits the 
in GdiV 1 ' mice. f,g, Reversal of the rostral-caudal arrangement of the kidneys in Gdft' 1 mice. \^ \ r \ ventrallv and to the rinhl of the aorta (ycl- 
h,i, Right pulmonary isomerism in GdfV' mice. H, heart; Lv, liver; St, stomach; Sp, spleen; AC, , ; , , t ..<>■,_/_ 

ascending colon; DC, descending colon; RK, right kidney; LK, left kidney; CrL, cranial lung lobe; low >- In contrast, the pulmonary artery in Gdf I 
ML, medial lung lobe; CaL, caudal lung lobe; AL, accessory lung lobe; LLu, left lung lobe. mice was positioned more dorsally than the aorta, 
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Fig. 3 Heart defects in GdfT^ mice, a-c, Dye injections of Gdfl*'' (a) and 
Gdf1~*~ (b,c) mice. Yellow dye was injected into the ventricle positioned on the 
left side, and blue dye was injected into the ventricle on the right side. Note 
that the relative dorsal/ventral and or left/right relationships between the posi- 
tions of the aorta and pulmonary artery are reversed in Gdf1~'~ mice. Frontal 
sections of wild-type (cf,e,r) and two Gdfl-'- {g,h,l mesocardia;/*,/, dextrocar- 
dia) hearts are shown. For each, three sections progressing from the ventral to 
the dorsal side are shown. In wild-type heart, the pulmonary artery exits the 
heart more ventrally than does the aorta. In Gdf1~ f ~ mice, the aorta exits more 
ventrally. Ventricular septal defects (h.k.L arrowheads) and atrial septal defects 
(/', asterisk) were also seen in Gov/-*- mice. 



although the left-right relationship of these arteries was random- 
ized. In these mutants, the abnormal positioning of the aorta and 
pulmonary artery reflected a transposition of the great vessels. 
Histological examination of serial sections of five Gdf\~ f ~ hearts 
revealed additional defects as well, including atrial and ventricular 
septal defects, common atrioventricular canal and persistent left 
vena cava (Fig. and data not shown). 

To examine the relationship of Gdfl with other genes impli- 
cated in left-right determination, we carried out whole- mount in 
situ hybridization on Gdfl' 1 ' embryos with probes directed 
against Ebaf Leftb and nodal, encoding TGF-P family members, 
as well as Pitx2 t encoding a transcription factor (Table 2). In 
wild-type embryos at the headfold stage (-4-6 somites), Ebaf is 
predominantly expressed on the left side of the presumptive floor 
plate, and Leftb is mainly expressed in the left lateral plate meso- 
derm 4 (LPM; Fig. 4a). Using a probe that detects both Ebaf and 
Leftb transcripts 5 , we were unable to detect expression of these 
genes in most (6/7) headfold-stage Gdfl" 1 " embryos examined 
(Fig. 4b). Expression of nodal in headfold-stage wild-type 
embryos is normally seen in the node and left LPM (Fig. 4c; 
refs 6,7). Although the expression of nodal in the node remained 
unchanged, the expression of nodal in the LPM was absent in all 
mutant embryos examined (Fig. Ad). Pitx2, which is normally 
present in the left LPM of wild-type embryos 8,9 ( Fig. Ae) t was also 
downregulated in 8 of 1 1 Gdfl' 1 ' embryos (Fig. 4f). These results 
suggest that GdfJ is necessary for the induction or maintenance 
of the asymmetric expression of Ebaf Leftb, nodal and Pitx2 in 
the early embryo. 




Our findings indicate that Gdfl is essential for proper establish- 
ment of the left-right axis in mice. AJthough a number of other 
secreted proteins, including other members of the TGF-p super- 
family, have been implicated as important regulators of left-right 
axis determination in vertebrates 10 , Gdf- 1 is unusual in that loss of 
Gdf-1 function leads to complete visceral situs inversus in a large 
percentage of mutant animals. In this regard, the Gdfl' 1 ' pheno- 
type more closely resembles that of mice carrying the Dnahcll"' 



Table 2 • Gene expression in Gdff 4 ' embryos 


Gene 






Floor plate 




Lateral plate mesoderm 




Genotype 


Somites 


left right bilateral absent 


left 


right bilateral absent 


Total 


Ebaf/Leftb 


+/+ 


0-4 


1 - - 3 




- 4 


4 






4-6 


5 - - 1 


6 




6 






6-8 


- 1 


1 




1 




+/- 


0-4 


5 4 




9 


9 






4-6 


10 1 


9 


2 


11 






6-8 


2 6 


8 




8 




-/- 


CM 


_ 4 




4 


4 






4-6 


1 6 


1 


6 


7 






6-8 


6 


1 


5 


6 








Node 




Lateral plate mesoderm 










normal absent 


left 


right bilateral absent 


Total 


nodal 


+/+ 


0-4 


6 




6 


6 






4-6 


8 


8 




8 






6-10 


3 1 




4 


4 




+/- 


0-4 


9 




9 


9 






4-6 


12 


12 




12 






6-10 


6 2 


1 


7 


8 






0-4 


6 




6 


6 






4-6 


3 




3 


3 






6-10 


7 2 


1 


8 


9 












Lateral plate mesoderm 












left 


right bilateral absent 


Total 


Pitx2 


+/+ 


6-10 




5 




5 




+/- 


6-10 




23 


5 


28 




-/- 


6-10 




3 


8 


11 



w 
r- 
m 

8 
3 
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allele 1 1,12 and that of humans with certain asplenia syndromes that 
are characterized by situs inver$us ]3,]A . Gdfl is also unusual in that 
its expression pattern during development appears to be symmet- 
ric with respect to the left-right axis. Although we cannot rule out 
the possibility that there is some asymmetric expression of Gdfl 
that is either very transient or below the level of detection in our 
experiments, our data suggest that the mechanism by which Gdfl 
influences left-right asymmetry must involve other molecules that 
are asymmetrically expressed, such as those responsible for gener- 
ating biologically active Gdf- 1 protein or for transducing the Gdf- 1 
signal. Alternatively, Gdf-1 protein may be synthesized in a sym- 
metric pattern, but become asymmetrically distributed by some 
other mechanism. In this regard, it has been hypothesized that a 
leftward flow of fluid generated by cilia present in the node may be 
responsible for the directional movement of a morphogen pro- 
duced by the node 15,16 . Given the intense expression of Gdf} in the 
node and the finding that Gdfl acts upstream of Ebaf Leftb, nodal 
and Pitx2 y Gdf-1 may be a possible candidate for this morphogen. 
An elucidation of the mechanism of action of Gdf-1 will require a 
careful examination of the distribution of the mature Gdf-1 pro- 
tein and the identification of molecules directly involved in Gdf-1 
signalling, including the Gdf-1 receptor. 

Methods 

in situ hybridization and northern-blot analysis. We carried out hybridiza- 
tions using a probe corresponding to the entire Gdfl coding region 2 . We pre- 
pared the Ebaf Lcftb {ref. 5) and nodal (ref. 17) probes as described. The Pitx2 
probe was provided by M. Blum and M.R. Kuehn. Embryos were isolated 
from timed matings of CD-I mice. We carried out northern-blot analysis 
using poly( A) -selected RNA (2 Ug) as described 2 . Whole-mount in situ 
hybridization analysis was carried out as described' 8,1 9 , except that 20% heat- 
inactivated sheep serum was used for antibody blocking and incubation steps. 
Sections {10-12 um) of stained embryos were prepared using a cryostat. 
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Fig. 4 Asymmetric gene expression in GoYr'* mice. Embryos in (a-cf) are 
viewed from the anterior; (e) and (f) are seen from the ventral side, a, Nor- 
mal Ebaf and Leftb expression in the left LPM and floor plate. The expres- 
sion of Ebaf and Leftb in the floor plate was verified by examining sections 
of these embryos, b, Absence of visible Ebaf and Leftb expression in GoY? - '" 
embryos. The midline staining in (b) represents background hybridization 
that did not correspond to the floor plate based on an analysis of sections 
of these embryos, c, Normal expression of nodal in the left LPM (node 
staining is obscured by the LPM staining), d, Absence of nodal expression in 
the LPM of Gdfl~'~ embryos. Note the normal expression of nodal in the 
node, e, Normal expression of Pitx2 in the head mesenchyme and left LPM. 
f, Absence of Pitx2 expression in the LPM of Gdfl' 1 ' embryos, whereas 
expression in the head mesenchyme remains normal. 



Construction and analysis of Gdfl-nuW mice. The structure of Gdfl was 
deduced from restriction mapping and partial sequencing of phage clones 
isolated from a mouse 129 Sv/J genomic library. Vectors for preparing the 
targeting construct were provided by P. Soriano and K. Thomas. Rl embry- 
onic stem cells (provided by A. Nagy, R. Nagy and W. Abramow-Newerly) 
were transfected with linearized targeting construct (50 Ug) and selected 
with gancyclov.ir (2 uM) and G418 (200 jig/ml). Following electroporation 
of the targeting construct into embryonic stem cells, we identified homolo- 
gous targeting by Southern-blot analysis in 4 of 90 clones resistant to both 
G418 and gancyclovir. Examination of the Gdfl -mutant phenotype was car- 
ried out using offspring on a C57B1/6/129SV/J hybrid background from a 
chimaera derived from blastocyst injection of one of these clones. Genomic 
Southern blots were carried out as described 20 . We genotyped embryos by 
PCR using genomic DNA isolated from extra-embryonic membranes 21 . 
Primers for genotyping were as follows: Gdfl wild -type allele, 5-GTTGCG 
GCTGGAGGCTG AG AG-3 ' and 5-CCCACTGGACCAACT1 CTACC-3 
Gdfl targeted allele, 5-CCACTGCAGCCTGTGGGCGC-3' and 5-GGAA 
G ACAATAGCAGGCATGCTGG-3 '. 

For analysis of heart morphology, we performed latex dye injections as 
described 22 . Casting dyes (Connecticut Valley Biological Supply) were 
injected into the ventricles of the heart using a pulled capillary glass pipette. 
For histological analysis of Gdfl -mutant hearts, we killed newborn mice and 
infused them with Bouin's fixative through the trachea. The entire animal 
was then fixed by immersion in Bouin's fixative for at least 24 h. Mouse chests 
were step-sectioned (5 llM sections, 10 uM between each section) from the 
exit of the aorta or pulmonary artery to their respective branch points dor- 
sally. For analysis, we stained sections with haematoxylin and eosin. 

Acknowledgements 

We thank P. Dunlap for assistance in maintaining mice and P. Wilcox for 
histotechnology support. C.T.R. was supported by a training grant from the 
N1H. This work was supported by a grants R01HD30740 and R01HD35887 
from the NIH (to S.-J.L). 



Received 1 1 January; accepted 24 January 2000. 



12. Layton, W.M. Random' determination of a developmental process: reversal of 
normal visceral asymmetry in the mouse. / Hered. 67, 336-338 (1976), 

1 3. Ivemark, B.I. Implications of agenesis of the spleen on the pathogenesis of conco- 
truncus anomalies in childhood. Acta Paediatr. Scand. 44, 1-1 10 (1955). 

14. Kosaki, K. & Casey, B. Genetics of human left-right axis malformations. Semin. Cell 
Dev. Biol. 9, 89-99 (1998). 

15. Nonaka, S. ef al. Randomization of left-right asymmetry due to loss of nodal cilia 
generating leftward flow of extraembryonic fluid in mice lacking K1F3B motor 
protein. Ce//95, 829-837 (1998). 

16. Okada, Y. et al. Abnormal nodal flow precedes situs inversus in iv and inv mice. 
Mol. Cell 4, 459-468 (1999). 

17. Zhou, X., Sasaki, H., Lowe, L, Hogan, B.L.M. & Kuehn, M.R. Nodal is a novel TGFp- 
like gene expressed in the mouse node during gastrulation. Nature 361, 543-547 
(1993). 

18. Wilkinson, D.6. In Situ Hybridization: A Practical Approach 163 (Oxford University 
Press, New York, 1992). 

19. Knecht, A.K., Good, P.J., Dawid, LB. & Harland, R.M. Dorsal-ventral patterning 
and differentiation of noggin-induced neural tissue in the absence of mesoderm. 
Development 121, 1927-1935 (1995). 

20. McPherron, A.C, Lawler, A.M. & Lee, S.-J. Regulation of skeletal muscle mass in 
mice by a new TGF-fJ superfamily member. Nature 387, 83-90 (1997). 

21. Laird, P.W. ef al. Simplified mammalian DNA isolation procedure. Nucleic Acids 
Res. 19,4293(1991). 

22. Oh, S.P. & Li, t. The signalling pathway mediated by the type IIB activin receptor 
controls axial patterning and lateral asymmetry in the mouse. Genes Dev. 11, 
1812-1826(1997). 



nature genetics • volume 24 • march 2000 



265 



